The tensile deformation of oriented polyvinyl chloride and oriented polyethylene. by Hargreaves, Edward.
THE TENSILE DEFORMATION OF ORIENTED POLYVINYL CHLORIDE 
AND ORIENTED POLYETHYLENE
A Thesis submitted to the Faculty of Mathematical and 
Physical Sciences of the University of Surrey for the 
Degree of Doctor of Philosophy
by
Edward Hargreaves 
February 1970
ProQuest Number: 10798512
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 10798512
Published by ProQuest LLC(2018). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
Abstract
Polyvinyl chloride was oriented by hot drawing. The de­
formation was investigated under uniaxial tension at room tempera­
ture and at 50°C.
The onset of yield was localised in deformation bands of 
which two kinds, referred to as type 1 and type 2 , were observed. 
Type 2 bands formed before type 1 bands , but only type 1 bands 
developed into a running neck. The yield behaviour could be 
satisfactorily accounted for by a yield criterion based on the von 
Mises criterion;, provided that a term representing an internal 
compressive stress in the molecular alignment direction was in­
cluded. The internal stress was found to increase from zero with 
increasing prior extension ratio and birefringence, and was also 
equal to the true stress acting on the material during the initial 
hot drawing. The inclusion of a hydrostatic stress term in the 
criterion, the application to anisotropic materials of the Coulomb 
criterion and a critical strain form of the von Mises criterion are 
considered.
Optical anisotropy changes are discussed in terms of an affine 
deformation model, which was found to apply for deformation at 
room temperature and 50°C, but not at 71°C and 90°C. The model 
has also been applied to the deformation, at 50°C, of oriented 
polyvinyl chloride, the molecular alignment of which was described 
by three different distribution functions. The agreement between 
theory and experiment was best for what is referred to as the Kuhn 
and Grim type 1 distribution.
Stress whitening, which developed during hot stretching, is 
associated with changes in the rCom temperature deformation be­
haviour* There was a yields fracture transition at * 0° and 
a change in ductile fracture behdvioiir at other values of 
The ductile fracture direction in stress whitened material has 
been accounted for by a theory which proposed that the minimum 
energy was used in propagating the fracture.
Two different kinds of type 1 bands were observed in oriented 
polyethylene. It is suggested that erystallinity may affect the 
position of the minimum yield stress.
NOTES
Tables and diagrams appear in that order at the end of each 
Chapter.
The symbol, Y, for the angle between the band boundary and 
the tensile axis should be read as y in Chapters 3 and 4.
The reference to Darlington and Saunders (1968) in Chapter 
4 and References should be Saundfers and Darlington (1968) „
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CHAPTER 1
Introduction
In recent years, synthetic polymers have been rapidly re­
placing traditional materials, such as metals, wood, natural 
fibres, natural rubber, paper, etc., in such diverse fields as 
textiles, packaging, paints, household goods, and engineering 
components. In cases where the polymer is used in the form 
of film or fibre, use is made of the improvement in mechanical 
properties which can be achieved by the introduction of some 
molecular alignment in the material. Also, in some processes, 
such as injection moulding or blow moulding, molecular align­
ment is introduced during the fabrication of articles. Thus, it 
is important to understand how molecular alignment affects the 
physical properties of the polymer. It is particularly im­
portant, when the polymer is used in a load bearing capacity, to 
determine how the molecular alignment influences the yield, 
plastic deformation, and fracture behaviour of the polymer. At
the initiation of the project to be discussed in this thesis, 
most investigations of the yielding of oriented polymers had 
been restricted to highly crystalline polymers, such as nylon 
and high density polyethylene. Because of this, it was decided 
to carry out an extensive study of the yield behaviour of oriented 
polyvinyl chloride, a polymer of low crystallinity which was below 
its glass transition temperature at room temperature. Before 
outlining the work carried out in this project, a brief litera­
ture survey will be given. This will be brief in order to avoid 
unnecessary repetition, since it is considered more suitable to 
discuss the literature in more detail where appropriate in the 
text. The following survey gives an indication of the fields 
covered in this work, and the important relevant publications.
1.1 Yielding of Oriented Polymers
The earliest investigation of the anisotropy of the yielding 
behaviour of oriented polymers appears to be that of Richard and 
Gaube (1956) who investigated the yielding of high density poly­
ethylene. However, the increased interest in recent years 
originates with the work of Zaukelies (1962) who investigated the 
yielding of oriented nylon. Later work on oriented high density 
polyethylene has been carried out by Kurokawa and Ban (1964),
Keller and Rider (1966) and Seto and Tajima (1966). All of these 
workers observed that the plastic deformation at yield was 
localised into narrow bands which were in many ways analogous to 
features observed in metal single crystals. Zaukelies observed 
kink bands in oriented nylon which had been compressed parallel 
to the molecular alignment direction? such features have long 
been recognised in metal single crystals having a hexagonal unit 
cell ( see Orowan (1942)). It was proposed by Zaukelies (1962) 
that oriented nylon was essentially a single crystal containing 
vacancies and dislocations, and that the slip systems involved in 
the kinking were (010) (1,3,143 f°r nylon 66 and (010) Q.,3,183 
for nylon 610, Similarly, Kurokawa and Ban (1964) proposed that 
the (110) (00l3 slip system, and possibly other slip and twin de­
formations were involved in the formation of kink bands in poly­
ethylene. Seto and Tajima (1966) proposed that, although kinking 
necessarily involves slip parallel to the c-axis, the direction of 
the kink band is parallel to the boundary between lamellar crystals. 
Features similar to slip bands in metals (see Cottrell (1963),
Figure 3) have been observed by Kurokawa and Ban (1964) , Seto and 
Tajima (1966), and Keller and Rider (1966) . Keller and Rider 
pointed out that their results were not consistent with the mode 
of deformation being slip parallel to the c-axis, and Kurokawa and
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Ban proposed that the mode of deformation was a combination of 
slip and twinning. Hinton and Rider (1968) have since shown 
that the uniform deformation of oriented polyethylene is by 
slip parallel to the c*-axis only to a first approximation.
Further work, by Kurokawa, Konishi, and Sakano (1966) on oriented 
polyethylene having different amounts of molecular alignment, 
led these workers to propose that the deformation band did not 
represent a twin deformation but was more analogous to the neck­
ing phenomenon observed in unoriented polymers. It is presumed 
that, as the molecular alignment increases, a highly crystalline 
polymer would become more like that of a single crystal, and 
hence the necking phenomenon would become more analogous to the 
deformation of a single crystal.
After the initiation of the work on polyvinyl chloride, re­
ports of an extensive investigation into the yielding of oriented 
polyethylene terephthalate have been published by Brown and Ward 
(1968 a and b) and Brown, Duckett, and Ward (1968 a and b). Bridle, 
Buckley, and Scanlan (1968) have also investigated the yielding 
of oriented polyethylene terephthalate. Since the results ob - 
tained by the above workers were similar to those for oriented 
polyvinyl chloride to be presented in this thesis, detailed dis­
cussion of these publications will be left until later in this 
thesis.
1.2 Yield Criteria
A number of workers have attested to determine the yield 
criterion which best describes the yielding of polymers. The 
yield criterion determines the magnitudes of the stresses necess­
ary for a particular stress system to cause yielding. Those
which have been found to be applicable to actual materials are 
those of von Mises, Tresca, and Coulomb, and these have been dis­
cussed extensively by Hill (1950), Nadai (1950), and Jaeger (1962) . 
Keller and Rider (1966) found that the yield stress results for 
oriented polyethylene could best be fitted by a form of the Coulomb 
criterion. Later work, by Whitney and Andrews (1967) on poly­
styrene, and by Bowden and Jukes (1968) on a number of polymers, 
has also shown that polymers yield according to the Coulomb 
criterion. Only the work of Thorkildsen (1964) on polymethyl­
methacrylate has shown that unoriented polymers yield according 
to the von Mises criterion. It will be shown in this thesis that 
oriented polyvinyl chloride yields according to a modified von 
Mises criterion. Brown, Duckett and Ward (1968a) and Bridle, 
Buckley, and Scanlan (1968) have obtained similar results for 
oriented polyethylene terephthalate.
1.3 Optical Anisotropy
The alignment of the anisotropic molecules causes oriented 
polymers to be both optically and elastically anisotropic. The
development of this anisotropy has been related to the macroscopic 
deformation of the material through two models proposed by Kuhn 
and Griin (1942). In these models it is considered that the poly­
mer is made up of a large number of rod-like anisotropic units. 
These units are randomly arranged in the unoriented polymer, but 
during deformation they become re-arranged in a manner related 
to the macroscopic dimensions of the material (affine deformation). 
Kuhn and Grun (1942) proposed two different modes of affine de­
formation. The first model has been used with some success by 
Ward (1962) and by Pinnock and Ward (1967) to account for the
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optical and mechanical properties of oriented polyethylene and 
polyethylene terephthalate respectively. Ward (1967) has also 
used both models to account for the changes in optical and 
mechanical anisotropy of polyethylene terephthalate which had 
been first oriented by extrusion at elevated temperatures and 
then cold drawn. More detailed discussion of this model, and 
its application to optical anisotropy changes in polyvinyl 
chloride, are presented later in this thesis.
1.4 Fracture
Some observations of the fracture behaviour of oriented 
polyvinyl chloride have been made during the course of this in­
vestigation. However , although the fracture behaviour of poly­
mers has been extensively studied in recent years, no similar 
results seem to have been reported previously. For reviews of 
the fracture behaviour of polymers, the reader is referred to 
the publications of Andrews (1968) and Rosen (1964).
1.5 Outline of Project
The oriented polyvinyl chloride was prepared by extension
• • o oof the unoriented material at 71 C and 90 C. The molecular
alignment achieved by this extension was "frozen in" by cooling
the material to room temperature at constant length. Details
of the preparation and structure of the oriented polyvinyl
chloride are presented in Chapter 2. Tensile tests were carried
out at room temperature on small test pieces which were cut from
the strips of oriented polyvinyl chloride. At yield, the plastic
deformation was observed to be localised into narrow bands running
- 14 -
obliquely across the test piece, and a detailed investigation has 
been carried out into the anisotropy of the yield behaviour, both 
as regards yield stresses and deformation bands. These results 
are presented in Chapter 3. In Chapter 4, these yield behaviour 
results are discussed in detail9 and it is shown that, in many 
aspects, the yielding behaviour could be accounted for by a modi­
fication of the von Mises criterion. As a result of the intro­
duction of molecular alignment, the oriented polyvinyl chloride 
was optically anisotropic, i.e. birefringent, and the subsequent 
plastic deformation at room temperature caused a change in optical 
anisotropy. These observations necessarily led to a detailed 
investigation of the optical anisotropy changes during extension 
at elevated temperatures and at room temperature. The results 
of this investigation are presented and discussed in Chapters 5 and 
6 . During the investigation of the yielding behaviour some ob­
servations on the cold drawing and fracture behaviour were made. 
Results for the cold drawing are presented in Chapter 3, but the 
fracture results are discussed in some detail in Chapter 7. Be­
fore the work on oriented polyvinyl chloride was started, some 
preliminary tests were carriedout on oriented polyethylene as an 
extension of the work carried out by Keller and Rider (1966) . 
Although this investigation was by no means rigorous, the results 
are considered to be of sufficient interest to be presented in 
Chapter 8 . Finally, a summary of the important results and sug­
gestions for further work are given in Chapter 9.
CHAPTER 2
Experimental Procedures and Preparation of Oriented
Material
A description of the equipment and techniques used in the ex­
perimental work, together with a detailed account of the prepara­
tion of the oriented material, will be given in this Chapter.
This will be followed by an account of the investigation into the 
structure of the oriented material. During the preparation and 
investigation of the structure of the oriented polyvinyl chloride 
some interesting results were obtained. These results will be 
discussed in this Chapter rather than in later Chapters which are 
largely concerned with results of the deformation of the oriented 
material.
2.1 Experimental Procedures
2.1.1 Tensile Testing Facilities
The majority of tensile tests were carried out using an E- 
type Tensometer manufactured by Tensometer Ltd., Croydon, England. 
In this machine the crosshead was driven by one of two motors e n ­
abling test pieces to be extended at any rate from 0.0003 mm.min 1 
to 250 mm.min 1. A load-extension curve was automatically pro­
duced on a chart recorder. The speed of the chart was directly 
related to that of the crosshead and the deflection of the re­
corder pen gave a direct reading of the load. In all of this work 
chart speed to crosshead speed ratios of either 1 ; 1 or 16 : 1 
were used. Two load cells were available with the machine, these 
being able to record maximum loads of 250 Kg and 25 Kg. A load 
range selector enabled full scale deflections of the pen to be
achieved for loads of 100%, 40%, 20%, 10%, 4%, 2% and 1% of the 
maximum load capacity of each load cell; the lower two ranges 
were not reliable and were pever used. The load calibration was 
checked periodically by static loading of the load cell and was 
always found to have an accuracy of better than ±1% of the recorded 
load. Checks on crosshead and chart speeds, and on the chart to 
crosshead ratio also showed these to be accurate to ±1%
The E-type Tensometer was fitted with an environmental test 
chamber, manufactured by Sondes Place Research Laboratories, 
Dorking, England. This enabled tests to be carried out above or 
below ambient temperature in the range 250°C to -100°C. Uniform 
temperature distribution in the chamber was achieved by the forced 
circulation of hot or cold air. At elevated temperatures, the 
temperature of the air was controlled by the thermostatic switch­
ing of a 350 watt control heater. When this control heater was 
insufficiently powerful to achieve the higher temperatures, one, 
two, or all of the three additional 350 watt background heaters 
could be switched on. At the most frequently used elevated 
temperatures, 50°C, 71°C, 80°C and 90°C, the temperature at a 
fixed position in the environmental chamber was constant to ±1°C. 
Once the operating temperature was reached, the temperature dis­
tribution at a given time was uniform to ±1°C. These checks on 
the accuracy were carried out using a copper-constanton thermo­
couple, but during tests the temperature was measured using 
mercury-in-glass thermometers which were calibrated in tenths of 
a degree. Temperatures below ambient were achieved by the in­
jection of liquid nitrogen into the chamber from a pressurized 
vessel. The nitrogen vapourised immediately upon entering the 
chamber and was circulated by the fan. Temperature control was
maintained by the switching on and off of the liquid nitrogen flow 
by a thermostatically controlled solenoid valve. Tests at 
temperatures below ambient were carried out at -80°C« This tempera­
ture was measured using an alcohol-in-glass thermometer which re­
corded a temperature fluctuation of ±4°C at "-80°C. When testing 
in the environmental chamber,the grips were attached to the cross­
head by means of a long rod, as shown in Figure 2.1. When not re­
quired the chamber could be moved back to allow free movement of the 
crosshead.
Two different sets of grips were used for holding test pieces 
in the tensile machine. The larger pair shown in Figure 2.1 were 
used in preparing the oriented material. Small test pieces, which 
were cut from the oriented material. Small test pieces, which were 
cut from the oriented material, were extended using the grips shown 
in Figure 2.2. The grips are held in a small jig which ensured 
that they were held rigid whilst inserting the test pieces. This 
prevented any damage to the test piece during mounting. To pre­
vent the test pieces slipping from the small grips during testing, 
fine emery paper was glued to each face of the grips. When using 
either set of grips, care was taken to place the test piece centrally 
in each grip to ensure axial application of the load during testing.
A number of tests were carried out on a small tensile testing 
machine (shown in Figure 2.3) designed by Dr. T. Einton. By 
attaching the machine to an optical microscope, successive stages 
in the deformation of a test piece could be observed microscopically 
and photographed. This machine had no load recording facilities 
but there was a selection of extension rates. However, only 
polyvinyl chloride test pieces were extended using this machine and,
because of the comparatively high load required to produce yield­
ing, the motor was insufficiently powerful for testing other than 
at the lowest speeds of 1,1 mm.min 1 and 0 .66 mm.min
2.1.2 Optical Microscopy
Optical observations and measurements on the test pieces be­
fore and after testing were carried out in transmitted light 
using a Zeiss Pol Photomicroscope, This was a polarizing micro­
scope, the important features of which were special strain free 
optics, rotatable polarizer and analyser, and an eyepiece fitted 
with crosshairs. When the analyser was set at zero on its 
calibrated scale and the polarizer was rotated until it located
r\
positively in the 90" position on its scale, the axes of the two 
were at right angles and no light was transmitted through the 
system. In addition, in these positions, the axes of polarizer 
and analyser were parallel to the crosshairs. The technique for 
checking this latter feature will be discussed in Section 2.5.
Oriented polymers are optically anisotropic and birefringence 
measurements are useful for characterising the molecular align­
ment of the material. Birefringence measurements were made with 
the aid of an Ehringhaus rotating calcite compensator which could 
be positioned in the optical path of the microscope. From cali­
bration tables the compensator could be used to determine the re­
tardation of the birefringent materials. Over the range used, 
the retardation could be measured to an accuracy of ±4 nm. In 
measuring the retardation care was taken to eliminate the effects 
of backlash and zero error in the compensator. In conjunction 
with thickness measurements, the birefringence could be calculated
from the measured retardation. Thickness measurements could
be made to ±2 pm using a dial gauge.
Photomicrographs of test pieces were obtained using a
35 mm camera which was built into the microscope.
Some microscopic observations were also made using a 
Reichart Universal Camera Microscope "MeF". This will be dis­
cussed where appropriate in the text.
2.1.3 Measurement of the Density of Polyvinyl Chloride
The density of oriented polyvinyl chloride was measured by 
hydrostatic weighing in distilled water using a Stanton type 
S.M.21 balance. With this instrument specimens could be weighed 
to an accuracy of ±0.02 mg in air and ±0.05 mg when the specimen
was suspended in water. The damping effect of the water on the
movement of the specimen accounts for the loss of sensitivity of 
the balance when specimens were weighed in water. For weighing 
in water, the specimen was fitted into a paper clip which was 
weighted by a piece of lead. This was suspended into a beaker of 
water by a wire which was fixed beneath the balance pan. Although 
no special temperature control was used, all measurements on a 
particular batch of material were carried out at the same tempera­
ture. This temperature will be specified where appropriate in 
the following text. In taking measurements care was taken to 
shield the balance from draughts, and the balance was situated in 
the part of the laboratory in which least disturbance occurred.
2.1.4 X-Ray Diffraction and Scattering Studies
Wide angle X-ray diffraction photographs were obtained using
a Hnicam S-25 flat plate camera. A specimen to film distance of 
approximately 6 cm was used, but, since no precise measurements 
of lattice spacings were required, this distance was not measured 
accurately. Care was taken to ensure that the X-ray beam was 
directed along the axis of the camera by adjustment of the colli­
mator, using the telescope supplied with the instrument. In 
addition the face of a sheet specimen was carefully aligned to be 
perpendicular to the beam. In X-ray diffraction investigations 
of deformation bands it was necessary also to locate accurately 
the direction of the deformation band relative to the X-ray film. 
This was achieved by aligning the deformation band parallel to a 
fine wire which was stretched across the film cassette. This 
wire left a shadow on the film, and thus defined the direction of 
the deformation band. Alignment of the deformation band was 
carried out using the arrangement shown in Figure 2.4. The back 
was removed from the film cassette so that a travelling microscope 
could be focussed on the reference wire, or the specimen, or either 
hole of the collimator. The microscope was first adjusted until 
it was directed along the axis of the camera. This was achieved 
by adjusting the microscope such that, when focussed on the colli­
mator holes, the crosswires were positioned on the centre of each 
hole. The microscope was then focussed on the reference wire on 
the cassette, and the crosswires were rotated until one crosswire 
was parallel to the reference wire. The specimen was then brought 
into focus and adjusted until the deformation band was parallel 
to the crosswire, and hence parallel to the reference wire on the 
cassette. Finally, all of the previous alignment procedures were 
rechecked. Results, obtained by taking a number of X-ray photo­
graphs of one test piece, which was realigned for each photograph,
« osuggest that the alignment procedure was accurate to ±0 . 5  .
Low angle X-ray scattering photographs were obtained using 
a Rigaku-Denki low angle goniometer. This instrument produced 
an approximately parallel beam of X-rays by using two widely 
spaced pinholes. In this investigation two pinholes, of dia­
meter 0,5 ram and 0.3 mm separated by a distance of 240 mm, were 
used, the pinhole of 0.5 mm diameter being nearest the X-ray 
source. A specimen to film distance of 319 mm was used, approxi­
mately 280 mm of this being in vacuum. The overall length from 
the first pinhole to the film was 600 mm. With these dimensions, 
and ignoring any effects due to scattering from the pinholes, the 
diameter of the beam at the film was calculated to be 1.5 mm.
Low angle X-ray scattering studies were only carried out on poly­
vinyl chloride.
Nickel-filtered CuKa radiation was used at all times with the 
equipment discussed above. For polyethylene, exposure times of 
the order of 2 or 3 hours were found satisfactory. However, in 
obtaining wide angle X-ray diffraction photographs of polyvinyl 
chloride exposure times were inconveniently lengthy, being of the 
order of 70 hours. A difficulty similar to that of long exposure 
times was experienced by D'Amato and Strella (1969) who carried out 
diffractometer investigations on polyvinyl chloride. They sug­
gested that the use of Mo Ka radiation would overcome this problem 
since the absorption coefficient of polyvinyl chloride at this wave­
length is a factor of nine less than that for Cu Ka radiation. Un­
fortunately no facilities were available for producing Mo Ka radia­
tion. Exposure times of between 12 and 20 hours were used in ob­
taining low angle scattering photographs from polyvinyl chloride.
In analysing some of the wide angle diffraction and low angle 
scattering photographs, it was necessary to measure the intensity 
of diffracted or scattered X-rays. This was carried out by 
measuring the optical density of the photographic emulsion using a 
Wooster Microdensitometer. This was a double beam instrument 
which operated by comparing the intensity of the beam passing 
through the X-ray film with the intensity of a reference beam 
passing through an optical wedge. This comparison was carried 
out by alternately recording the intensity of the beams using a 
photomultiplier. Any difference in intensity resulted in a 
phase change in the photomultiplier output, which activated a 
phase sensitive motor. The motor drove the optical wedge in 
such a direction as to equalise the intensity of the two beams.
The pen of the chart recorder was directly geared to the optical 
wedge, and hence followed the movement of the wedge. Thus the 
displacement of the pen recorded the optical density of the 
photographic emulsion. The response time of the pen for full 
scale deflection was 0.25 s according to the manufacturers. At 
all times a wedge having optical density from 0-4 D was used.
For the purpose of comparison the intensity measurements were 
accurate to ±1%. The beam could be produced using a number of 
apertures which gave an image x9 smaller when focussed on the film. 
In this case the smallest aperture of 0.5 mm diameter was used.
The film table could be driven by independent x and y drives. The 
x drive could be used to rotate the table when required. The co­
ordinates of the film table were recorded by digital counters, 
calibrated in tenths of a millimetre, which were reported to be 
accurate to ±0.05 mm. Tests have confirmed the accuracy of 
these counters. In measuring the intensity variation of the film s
the chart of the chart recorder moved in a direct ratio to the 
distance Eioved in the y-direction by the film table. The ratio, 
which could be varied, was always checked by recording the y- co­
ordinates before and after each traverse of the film. In in­
vestigating the intensity distribution of x-ray diffraction photo­
graphs of polyvinyl chloride, the y-scan only was used, and care 
was taken to ensure the scan went through the centre of the photo­
graph. Distances from the centre of the film could be converted 
to Bragg angle, 6 , knowing the specimen to film distance. Another 
useful facility was the oscillation of the film table in the y- 
direction through distances of 2, 4 or 6 mm. The use of this 
facility will be discussed in Section 2.3.4.
2.1.5 Electron Microscopy
Because of the small depth of focus and limited manoeuvrability 
of specimens when using optical microscopy, it was found useful 
to obtain micrographs of specimens using a Cambridge Instruments 
Stereoscan electron microscope. This was used at magnifications 
ranging from x20 to x6000. Specimens were prepared by coating 
with gold-palladiumusing an AEI Rotary Coating Unit. Micrographs 
were obtained from a small number of polyvinyl chloride test 
pieces.
It was hoped to investigate structural changes in oriented 
polyvinyl chloride using transmission electron microscopy. Un­
fortunately, insufficient time was available for developing 
suitable techniques for obtaining thin sections of material.
2.1.6 Strain Measurements
Strains in small test pieces, such as that shown in Figure 2.2,
were determined from the dimensionss before and after deformation, 
of an initially square grid of dots which had been printed on the 
sheet of material from which the test pieces were cut. The 
printing technique was that developed by Hinton (unpublished) and 
used by Hinton and Rider (1968). A viscous, slow drying ink was 
applied to a half tone plate using a roller. This plate was then 
fitted into a hand press and was used to print a grid of dots on 
the material from which test pieces were subsequently cut. Two 
different size grids were used, having average spacings between 
nearest-neighbour dots of 0.193 mm and 0.400 mm respectively.
As a result of the extension of the test piece, the square
forming the basis of the grid became a parallelogram. This is
illustrated in Figure 2.5, in which a test piece is shown before
and after extension. The same situation is shown diagramatically
in Figure 2.6. By measuring the spacings a2 , c2, a 3 and C 3 , and
the angles 8 , 8 , and w, it was possible to determine the strains
in the plane of the test piece. A useful measure of the amount
of deformation is the extension ratio. The extension ratio in
a given direction is here defined as the ratio of distances between
the same pair of points after and before extension, the points
being such that the line joining them is parallel to the given
direction. In test pieces shown in Figures 2.5 and 2.6, lines of
dots initially parallel to the tensile axis, Ot, remained so after
extension. The extension ratio. R . measured in the tensile
s t '
direction, Ot. is given by
 ^ c 3 cos 8,a cos 3 + a 3 sin 3c cos (w - 8)
 ^ o^ c2
where i and I are the distances, after and before extension, o
between two points, the line joining which is parallel to the tensile
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axis. Spacings and angles were measured from micrographs using 
ruler and protractor. The distances were not measured between 
adjacent dots, but were averaged over a number of dots,, usually 
four or five, for which the deformation was considered uniform. 
Angles were measured between lines which were drawn through the 
centre of the dots. It was estimated that spacings could be 
measured to ±1% and angles to ±1°. Shrinkage of the micrographs 
was negligible since no changes could be found in spacings measured 
from micrographs immediately after printing and again several weeks 
after printing.
2.2 Material Specification
Both the polyethylene and polyvinyl chloride used were commer­
cial grades obtained directly from the manufacturers or from whole­
sale suppliers.
The polyvinyl chloride, of which two grades were used, was 
received in the form of sheet, approximately 0.5 mm thick. Most 
of the work was carried out on a rigid polyvinyl chloride, Vybak 
DVR294, Clear 33, manufactured by Bakelite Ltd. This was a clear 
sheet of homopolymer containing small amounts of stabiliser and 
colouring material. The quoted softening temperature was 76°C. 
More detailed specifications of the material were not available 
from the manufacturers« In an attempt to determine the glass 
transition temperature, Tg, of this material, dilatometric measure­
ments were carried out by Dinnewell (1969) in our laboratories.
The average value of Tg obtained from two experiments was found 
to be 61.5 ± 0.5°C. (In another experiment the Tg could not be 
determined exactly but was thought to be between 54~C and 63^ 'C
with the possibility of it being at 61,5~C.) By hydrostatic 
weighing in water at 19°C, the density of the material was found 
to be 1.344 ± 0.002 gm.cm . The as-received sheet had a bire­
fringence which was too small to be measured, but was less than 
0 . 0 0 2  x 1 0 ~3.
Since the manufacture of the above material was discontinued
during the course of this investigation, some of the later work
was carried out on Cobex manufactured by Bakelite-Xylo^ite Ltd.
This, too, was a rigid polyvinyl chloride of similar composition
to that of the Vybak, in that it was a homopolymer containing
small amounts of stabiliser and colouring material. A value of
64.2 ± 2.0°C was obtained for Tg from dilatometric measurements.
~3
The density was found to be 1.390 ± 0.001 gm.cm. by hydrostatic
weighing in water at 18.4UC. The birefringence of the as-
-3
received sheet was 0.045 x 10
Dilatometric measurements, although not particularly accurate 
indicate that the Tg of Vybak was less than that of Cobex. 
Mechanical properties to be discussed in Section 2.3.1 confirm 
this. Since both the density and glass transition temperature 
of Cobex were larger than those of Vybak, it would seem that Cobex 
and Vybak contained different amounts of additives.
The polyethylene, both high and low density, x-/as received 
in the form of granules which had to be subsequently compression 
moulded into sheet form. The high density polyethylene, trade 
name Rigidex, was manufactured by British Hydrocarbon Chemicals 
Ltd. (now B.P. Chemicals Ltd.). Rigidex of two different mole­
cular x^eights was used, Rigidex 50 with melt index 50 having a 
lox^ er average molecular weight than Rigidex 2 x/ith melt index 2.
The low density polyethylenes, Alkathene W . J . G . 11 and Alkathene 
UcN.F. 15, were manufactured by I.C.I. Ltd. and had melt indexes 
of 1.1 to 3.0 and 6.1 to 10.0 respectively.
2.3 Preparation of Oriented Polyvinyl Chloride
The purpose of this work was to investigate the deformation 
behaviour of oriented polymers. However, in the as-received 
sheets of polyvinyl chloride, molecular alignment, as indicated 
by birefringence measurements, was largely absent. Only in the 
case of the Cobex was there any measurable birefringence in the 
as-received sheet, but, as will become apparent in Section 2.3.2, 
this was negligible compared with that achieved in the subsequent 
preparation of the oriented polyvinyl chloride. Alignment of 
the initially randomly oriented molecules was achieved by ex­
tending the unoriented material.
Oriented polyvinyl chloride was prepared by extending parallel 
sided strips of unoriented material at a strain rate of 1 0 0 % min 1, 
at 71°C, 80°C and 90°C, using the E-type tensometer with the en­
vironmental chamber in position. Before extending the strips 
care was taken to ensure that the temperature in the environmental 
chamber had reached the testing temperature and the strip was left 
for a further ten minutes prior to starting the tensile machine. 
Once the required amount of extension had been achieved, the 
tensile machine was stopped and the extended strip was cooled as 
quickly as possible to below 30°C at constant length by blowing 
airs at room temperature, over it. If the load had been removed 
from the strip at the stretching temperature, a substantial con­
traction of the strip would have occurred. Details of the 
magnitude of this contraction will be given later in this section.
At the temperatures used, the strips, except for regions near 
the grips, deformed uniformly over their entire gauge length.
The strips, which were cut from a larger sheet using a scalpel, 
were initially between 6 cm and 4 cm wide, approximately 0.5 mm 
thick, and of gauge length varying from 12 cm to 5 cm such that 
the ratio of length to width was never less than 5 : 4 in most 
cases. Varying gauge lengths were used because the environmental 
chamber restricted the separation of the grips to 27 cm and, 
hence set an upper limit on the amount of extension which could 
be achieved for a particular gauge length. If a strip was used 
with a length to width ratio of less than 5 ; 4, the material was 
constrained by the grips from contracting laterally over a sub­
stantial portion of the gauge length. In the constrained regions 
the. strain was not uniform and the sides of the strip were curved.
If the ratio of length to width was 5 : 4 or greater, the lateral 
contraction of the strip, except for regions near the grips, was 
unconstrained. Where the lateral contraction was unconstrained, the 
strain in the strip was uniform and the sides of the strip were 
straight and parallel. Strips, which had length to width ratios 
of less than 5 : 4 ,  were extended at 90°C to give extension ratios 
of 6.0 and 7.5. Test pieces for subsequent retesting were only 
obtained from a small region in the strip of 7.5 extension 
ratio where the lateral contraction was unconstrained. This was 
not the case for the strip of 6.0 extension ratio.
The measures used to determine the amount of strain in the
deformed material were the extension ratios R * R and R . Inz * x y
this case the z and x-axes are defined to be in the plane of the
strip, respectively parallel and perpendicular to the tensile axis.
Oy is defined to be perpendicular to the face of the strip. Since
the material was initially isotropic and was deformed under the
action of a uniaxial stress in direction Qz, it is reasonable to
assume that Oz was a direction of principal strain, and that the
lateral contraction perpendicular to Oz was isotropic. Under
such circumstances Ox can be taken as being another direction of
principal strain, in which case the remaining direction of principal
strain is parallel to Qy» The extension ratio, R , in thez
direction of extension was measured from the dimensions before 
and after extension of a 1 cm square grid of lines which were 
drawn on the strip parallel and perpendicular to the tensile axis 
and remained so during the subsequent extension. This is con­
sistent with Ox and Oz being directions of principal strain. R^ 
was determined by measuring the distance between lines drawn 
perpendicular to the tensile axis. Distances were not measured 
between adjacent lines but between lines at the extremeties of 
the uniformly deformed regions. The region of uniform deforma­
tion was here taken as that in which the width of the deformed 
strip remained constant. Using a ruler calibrated in millimetres 
the distances could be measured to ±0.5 mm, giving an accuracy of 
±2% in measuring the extension ratio. The extension ratio, R ,
X
of the strip was determined from measurements of the distance, 
before and after deformation, between lines drawn parallel to the 
tensile axis. These distances could be measured to ±0.2 mm 
giving an accuracy of ±3% at R^ = 5.0. At smaller values of Rz 
the accuracy became progressively better. R^ was calculated 
from thickness measurements to an accuracy of ±1.5% or better, 
depending upon the value of Rz . Care was taken in measuring 
thicknesses before and after extension at the same point on the 
strip since there were some fluctuations in the thickness of the
as-received sheet. Results of measurements of R n R „ and
x' y '
R for strips of Vybak and Cohex extended at 71°C and 80°C re™ 
z
spectively, are presented in Tables 2.1 and 2.2. The product
R R R , which should be unity if there is no volume change, is 
x y z *
also given in Tables 2.1 and 2.2. No results were obtained for
Vybak and Cobex extended at 90°C and 71°C respectively, since
appropriate dimensional measurements were not made. No width
or thickness measurements were obtained for the strip of Vybak
with R = 4.5, which was extended at 71°C. It can be seen from 
z s
the results presented in Tables 2.1 and 2.2 that, within the
limits of experimental error, R = R and R R R = 1 .  Some 1 s x y x y z
results for R , R , and R were obtained from small dumb-bell 
x* y * z
shaped test pieces, 10 mm gauge length and 2 mm width, cut from
a sheet of unoriented Vybak on which was printed a grid cf dots,
as discussed in Section 2.1.6. These test pieces were deformed
at 71°C and 90°C, and the results are reproduced in Tables 2.3
and 2.4. The accuracies of these measurements were the same as
those for the strips. Again it can be seen that, within the
limits of experimental error, R = R and R R R = 1 .
x y x y z
Because the polyvinyl chloride deformed uniformly at the 
elevated temperatures discussed here, as opposed to developing a 
running neck, a range of extension ratios, up to a certain maximum, 
could be achieved. Beyond this maximum the material usually 
failed before the tensile machine could be stopped. The Vybak
was extended at 71°C and 9C°C, maximum extension ratios of 4.5
• • o o .and 7.5 being achieved at 71 C and 90 C respectively. Maximum
extension ratios of 3.9 and 5.0 were obtained for Cobex extended 
at 71°C and 80°C respectively. The higher extension ratios at 
each temperature were only obtained if the flaws in the edges of
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the unoriented strips were removed by polishing with fine emery 
cloth. Although the surfaces of the grips were roughened in 
order to prevent the material slipping from the grips 9 at the 
higher extension ratios it was necessary to sandwich those 
portions of the strips in the grips between pieces of coarse 
emery cloth5 the rough surface being in contact with the poly- 
viny1 ch1o ride »
It was stated earlier that if the extended strip was un­
loaded at the stretching temperature a substantial contraction 
of the strip occurred. Results showing the magnitudes of the 
contraction are presented in Table 2.5 for Vybak extended at 
71°C and 90°C. These results were obtained from small test 
pieces similar to those used in obtaining some of the results 
in Tables 2.3 and 2.4, After the test piece had been extended 
it was cooled at constant length under load and a micrograph of 
the test piece was obtained at room temperature. These test
pieces were then annealed at the stretching temperature for 30
o
minutes under zero load. Further annealing at 120 C was carried
out on the test pieces originally extended at 90°C. After each
stage of the annealing further micrographs were obtained and
was measured from these. It can be seen that annealing at the
extension temperature resulted in a considerable recovery of the
original extension. At extension ratios of 4 . 3 or less, the
amount of recovery was approximately the same for material extended at
either temperature. The largest value of R after annealing was
z
1.7 for material of extension ratio 5.8 prepared by extension at 
90°C. It is also apparent that annealing at a temperature above 
the original extension temperature, i.e. annealing at 120^0, 
caused further recovery of the extension.
JZ. —
In order to ensure that all material was prepared under 
standard conditions the strips were extended at a standard strain 
rate of 100% min 1. The importance of using a fixed strain rate 
is apparent from results presented by Nielsen and Buchdahl (1950) 
for mechanical properties of polystyrene oriented by hot stretch-' 
ing. They reported that the mechanical properties of oriented 
polystyrene are more closely related to the birefringence rather 
than to the amount of hot stretching. It was considered that 
this might possibly be true for polyvinyl chloride. However, 
since birefringence measuring facilities were not available when 
this investigation was initiated, the extension ratio had to be 
used as a measure of molecular alignment. For extension ratio 
to be a meaningful measure of molecular alignment, at a particular 
temperature the strip had to be extended at a standard strain rate 
since birefringence depends upon both extension ratio, strain rate 
and temperature.
Details of stress-strain behaviour during hot stretching and 
characterisation of the structure of the oriented polyvinyl chloride 
are given in the following sections. More emphasis is placed on 
the results for Vybak since most of this investigation was carried 
out using this material.
^ ^ •i Stress-Strain Behaviour During Extension at Elevated 
Temperatures
From the load-extension data recorded by the tensometer 
during extension, and from the initial and final dimensions of the 
extended test pieces, it was possible to evaluate the nominal 
stress during extension as a function of extension ratio. The 
nominal stress is the loaded divided by the initial cross-sectional
area of the test piece. In Figure 2.7 the nominal stress is 
plotted as a function of extension ratio for Vybak extended at 
71°C and 90°C. The results for extension at 71°C were obtained 
for the extension of the strips as discussed in Section 2.3. 
However, no measurements of width and thickness were made for 
strips extended at 90°CS and so the results shown in Figure 2.7 
were obtained using small test pieces, for which extension ratio 
results are presented in Table 2.4. The experimental points in 
Figure 2.7 indicate the results obtained from the measurements 
of the dimensions of the strips after they had been extended and 
then cooled at constant length under load. The nominal yield 
stress against extension ratio curve was drawn smooth through 
these points. The part of the curve below extension ratio 2.0 
for extension at 71°C was determined from load-extension curve 
for the strip extended to extension ratio 2.0; this strip had 
the largest initial gauge length. A similar procedure was used 
for plotting all of the stress, both nominal and true, against 
extension ratio curves to be discussed in this section.
The nominal stress curve for Vybak extended at 71^C was 
similar in shape to that of a rubber (e.g. see Treloar (1958), 
Figure 5.4). The stress rose slowly at low extension ratios, 
the slope of the curve decreasing with increasing extension ratio 
until, at an extension ratio of approximately 1.7, the slope 
started to increase and the nominal stress increased rapidly with 
increasing extension. There is a slight decrease of slope at 
the higher extension ratios. The curve for extension at 90°C 
was initially similar to that for extension at 71°C? but at no 
stage did the slope of the curve start to increase, instead, it 
continued to decrease, eventually becoming negative at high
extension ratios. No report of this type of behaviour occur­
ring in rubbers has been found, and network theories of rubber 
elasticity predict that the nominal stress should increase with 
increasing extension ratio (see Treloar (1958) p.86 arid 
Chapter VI). In addition such network theories predict that the 
stress at a given extension ratio should be larger at the higher 
temperature; this W3S not the case for the results shown in 
Figure 2.7.
The initial moduli for extension at 71°C and 90°C were cal­
culated from the slopes of the load-extension curves and were
—  2 ~  2found to be 20 MN m and 1.5 MN m 9 respectively. Treloar
—2
(1958) quotes the modulus of rubber to be 10 Kg cm (i.e.
“2approximately 1.0 MN m ) whilst the modulus of Vybak at room
temperature was measured from the load-extension curve and was
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found to be 1.0 GN m . The above measurements are only approxi­
mate and are only intended to give an indication of the order of 
magnitude. From these results it can be seen that as far as the 
magnitude of the modulus is concerned, the behaviour of Vybak at 
90°C is more rubber-like than is the Vybak extended at 71°C. The 
network theory of rubber elasticity predicts that the modulus 
should be larger at the higher temperature, but this was not so 
for the Vybak.
Another property of rubber is that large extensions, strains 
of the order of 400%, are recoverable to within 1% of the unde­
formed dimensions upon removal of the load. Measurements of 
the recoverability of extension for Vybak are presented in 
Table 2.5. It can be seen that in most cases the extension was 
recoverable to within 70% or better. Although this is not quite
as good as the recoverability quoted for rubbers,, it is certainly 
better than that for the rigid polymer, for which only 7 or 8% of 
extension ratios of the order of 2.00% is recoverable.
The results discussed above show that,in some respects,the 
deformation behaviour of polyvinyl chloride, in this case Vybak, 
at elevated temperatures was similar to that of rubber, although 
there were some inconsistencies in the effect of temperature on 
the shape of the nominal stress against extension ratio curves 
and on the magnitudes of the modulus. Nevertheless the results 
do suggest that the behaviour can be accounted for by a network 
model similar to that used for rubbers (see Treloar (1958)). In 
rubbers the molecular network is maintained by permanent chemical 
cross-links connecting molecular chains together. However, in 
the case of polyvinyl chloride, the network is maintained by 
physical entanglements through which molecules slip and which could 
be destroyed as a consequence of the deformation. Because of this 
the material cannot support such high stresses as it could if the 
entanglements were permanent. Such effects would become more 
pronounced at elevated temperatures where the molecules are more 
mobile, or at high extensions when the molecules are highly ex­
tended. This would account for the observed negative slope in
Q *
the curve for extension at 90 C in Figure 2.7, and for the decrease 
in slope of the curve at high extension ratios for extension at 
71°C.
Although the nominal stress decreased at higher extension 
ratios for Vybak deformed at 90°C, the true stress acting on the 
material in fact increased with increasing extension ratio. The 
true stress is obtained by dividing the load by the current cross- 
sectional area of the strip during deformation and is the actual
stress acting on the material during extension. Plots of true 
stress as a function of extension ratio for both Vybak and Cobex 
are presented in Figure 2.8. The curves for Cobex differ from 
those for Vybak in that the stresses at all stages of the ex- 
tension were higher than those for Vybak. The curve for Cobex 
extended at 71°C was different from all other curves in that there 
was an initial sharp stress rise followed by a stress drop, after 
which the stress increased with increasing extension ratio. Such 
a stress drop is characteristic of both Vybak and Cobex deformed 
at room temperature and at 50°C. That it was still present for 
Cobex deformed at 71°C, but not for Vybak, suggests that the 
Cobex was at a lower effective temperature than the Vybak, i.e. 
the glass transition temperature of Cobex was higher than that 
of Vybak. In fact Andrews and Whitney (1964) have indicated 
thatfhis maximum disappears as the material approaches its glass 
transition temperature. Langford, Whitney and Andrews (1963) 
have shown how this might be used as a basis for determining a 
glass transition temperature. The glass transition temperature 
evaluated would be that appropriate to the strain rate at which 
the tests were carried out.
Although birefringence results have not as yet been presented 
(see Section 2.3.2), it is interesting to consider the variation of 
true stress during extension as a function of birefringence rather 
than extension ratio. Such plots are shown in Figure 2.9 and 
Figure 2.10. In these figures the birefringence is the residual 
birefringence measured at room temperature after the material had 
bean removed from the tensile machine. For Vybak the stress at 
a given birefringence was higher for the higher extension tempera­
ture. Network theories for the photoelastic properties of
rubbers (see Treloar (1958) Chapter X) predict that this should 
be so. (The birefringence referred to by Treloar (1958) is 
that measured at the stretching temperature and not the residual 
birefringence as measured here. However it is reasonable to 
suppose that, although charging the temperature would change the 
birefringence, a higher residual birefringence would correspond 
to a higher birefringence at the extension temperature.)
When the t'ure stress for Cobex is considered as a function 
of birefringence the curves are different from those of Vybak in 
that the stress for extension at the higher temperature, 80°C,
Q
is lower than that at the lower temperature, 71 C. The curves 
for Cobex in Figure 2.10 are of the same shape, except in the region
of small birefringence, but are displaced by an almost constant
9stress of approximately 6 Mil m . This stress value is in fact 
the difference in stress between the minimum in the curve for ex­
tension at 71°C and the stress at the same birefringence on the 
curve for extension at 80°C. This displacement of the curves can 
be accounted for in the following way. Since the material at 
71°C was above its glass transition temperature appropriate for 
the particular strain rate, two factors contributed to the stress- 
strain behaviour. There was the stress arising from the tendancfej 
of the chains in the molecular network to retract back to a random 
configuration, and there were the viscoelastic forces opposing the 
movement of the molecular segments relative to one another. At 
80°G the viscoelastic effect can be considered to have become 
negligible and the applied stress was that required to extend the 
molecules from their random configuration. Since the network 
theory predicts that the stress should be larger for the higher
temperature, the stress by which the two curves differ can be 
considered to arise largely from the viscoelastic contribution 
for deformation at 71°C. In fact, since the material at 80°C 
was still quite near the glass transition temperature, there was 
probably some effect due to viscoelastic forces at this tempera­
ture. A detailed theory, following the lines discussed above, 
has been proposed by Haward and Thackray (1968) in accounting for 
the stress-strain curves of glassy thermoplastics.
From the results discussed in this section is can be con­
cluded that the deformation behaviour of the polyvinyl chloride, at 
the temperatures discussed, can be accounted for by a molecular 
network theory similar to that which has been applied to rubbers. 
Hor^ever, in the case of polyvinyl chloride consideration must 
also be taken of relaxation effects, the non-permanent nature of 
the physical cross-links, and viscoelastic effects when deforma­
tion is carried out in the vicinity of the glass transition 
temperature.
2.3.2 Birefringence of Oriented Polyvinyl Chloride
Birefringence measurements were carried out at room tempera­
ture after the material had been removed from the tensile machine. 
White light was used in making the measurements but the compensator 
was calibrated for light of wavelength 5893 &. The. variations of 
birefringence as a function of extension ratio for Vybak and Cobex 
extended at different temperatures are presented in Figure 2.12. 
Taking into account errors in the thickness and retardation measure 
merits it was estimated that the birefringence measurements were 
accurate to ±2% or better. In measuring the retardation it was
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necessary to locate the zero order black fringe in the centre of 
the field of view of the microscope. In the case of Vybak*this 
zero fringe was dark and hence easily located. However, for 
Cobex the zero order fringe was coloured and sometimes difficult 
to distinguish from other fringes.
In all cases the oriented material was found to be positively 
birefringent, i.e. for plane polarised light the maximum refractive 
index occurred when the plane of vibration was parallel to the 
original extension direction. Comparing initially curves for 
different temperatures in Figure 2.11, it can be seen that for 
both Cobex and Vybak, the birefringence at a given extension ratio 
was higher for the lower of the stretching temperatures. If the 
birefringence is regarded as a measure of the degree of molecular 
alignment, it would seem that stretching at the lower temperature 
was more effective in producing molecular alignment. A direct 
comparison of molecular alignment in Cobex and Vybak on the basis 
of birefringence may not be justified since differences in com­
position or structure of the material could give rise to dif­
ferences in optical anisotropy for the same degree of molecular 
alignment. Further comments concerning this will be made in 
Chapter 6 when birefringence results will be discussed in more de­
tail. It is also clear from Figure 2.11 that the birefringence 
of the as-received Cobex was negligible in comparison to that 
achieved in the subsequent extension.
2.3.3 Wide Angle X-Ray Diffraction Studies
Possible structural changes, which might occur during the 
extension of polyvinyl chloride at elevated temperatures, were
investigated using wide angle X-ray diffraction. Details of 
equipment and techniques have been discussed in Section 2.1.4. 
Photographs obtained from sheets of oriented polyvinyl chloride 
of different extension ratios are presented in Figures 2.12, 2.13, 
and 2.14. The discussion of these photographs will be largely 
restricted to those for Vybak. It is apparent, however, from 
Figures 2.12 and 2.14 that the photograph for Cobex of extension
. c O * •ratio 5.0 obtained by extension at 80 C is similar to that for 
Vybak of extension ratio 4.5 obtained by extension at 71°C. It 
is presumed that photographs for lower extension ratios x^ould be 
similar.
It can he seen from Figure 2.12 that for the unoriented 
material, extension ratio 1.0, there was a large amount of dif­
fuse scatter at the centre cf the photograph. The variation in 
intensity of this scatter was measured from the original negative 
using the densitometer. The results are reproduced in Figure
2.15, which is a plot of intensity as a function of 29, 9 being 
the Bragg angle. It can be seen that the intensity decreased with 
increasing values of 29, Diffuse scatter of this kind has been 
observed previously by D'Amato and Strella (1969), who suggested 
that it was caused by the scattering of X-rays by air in the X-ray 
path and also by the scattering of the white radiation. This 
air scatter, which could be reduced by using a helium atmosphere 
or vacuum for the X-ray path, tends to mask any diffraction effects 
arising from the polyvinyl chloride. In fact on the original 
negative there appeared to be two diffuse rings. By measuring 
the diameter of these rings using a ruler calibrated in millimetres, 
these rings were found to be at 29 = 24° and 17°. On the densitometer 
trace in Figure 2.15 no equivalent peaks in the intensity can be
detected. However, although the intensity decreases continuously 
with increasing 20, there are some fluctuations in the slope of 
the curve. In particular, in the vicinity of the arrows in 
Figure 2.15, the slope increases and then decreases again as 20 
increases. These variations in slope can be considered to arise 
from contributions to the intensity by diffraction from polyvinyl 
chloride at specific values of 20. These contributions are not 
sufficient to produce peaks in the curve but do cause an increase 
in slope of the curve. The arrows indicate where it is assumed 
that the contributions to the intensity, due to diffraction, are 
at a maximum. The arrows are at 20 = 16.4 and 24.4, these 
values agreeing quite well itfith those obtained by direct measure­
ment from the original negative. The existence of two diffuse 
rings is characteristic of X-ray diffraction photographs of poly­
vinyl chloride,and they have been observed by Lebedev, Okladnov 
and Shylkova (1967) , Mammi and nardi (1963) and D ?Amato and 
Strella (1969). Mammi and Nardi (1963) reported these rings to 
be at 20 = 17.7 and 24,6. The slight discrepancy between these 
and the results presented here probably arise from the uncertainty 
in the value of the specimen to film distance and the uncertainty 
in the position of the maximum intensity contribution due to dif­
fraction from the polyvinyl chloride.
Extension at 71°C caused two diffuse equatorial reflections 
to develop, as can be seen in Figure 2.12. The intensity of these 
equatorial reflections appeared to increase with increasing ex­
tension ratio. This was confirmed from densitometer traces taken 
along the equator from the negatives for extension ratios 2.6,
3.9 and 4.5. These results are presented in Figure 2.15. Since 
the specimens were of different thicknesses and since different
exposure times were used for different specimens, the total 
intensity of X-rays transmitted through each specimen would vary.
In order to allow for this in comparing intensities in Figure
2.16. all curves were nomalised at 20 = 7.0°. In using this 
procedure,it has been assumed that the scatter at small values 
of 20 was primarily due to air scatter, and the intensity would 
therefore depend upon the total intensity of X-rays transmitted 
through the specimen and would not be affected significantly by 
structural changes. The position 20 = 7.0° was chosen since 
this was the only small value of 20 for which data was obtained 
at all extension ratios. From the normalised curves presented 
in Figure 2.16, it can be seen that the equatorial arcs, at 
28 = 16.5° approximately, increased in intensity with increasing 
extension ratio. The value of 20 obtained from these curves 
varied between 16° and 17°. These variations probably arise 
from variations in the specimen to film distance. The average 
value of 20, 16.5, suggests that this equatorial reflection cor­
responds to the inner diffuse ring observed for unoriented poly­
vinyl chloride at 20 = 16.4. In fact for the 2.6 extension ratio. 
Figure 2.12, the complete ring can be observed with some intensi­
fication on the equator. The single equatorial reflection has 
been observed for oriented polyvinyl chloride by Lebedev et al 
(1967) and Mammi and Nardi (1963). Lebedev et al (1967) suggest­
ed that this reflection is produced by regions in which the axes of 
the molecular chains are parallel but there is no order in rota­
tions or displacements of the chains. The spacing obtained from 
the reflection gives the mean distance between molecular chains 
in these regions and was reported to be 5.2 X by Lebedev et al
(1967) and 5.0 X by Mammi and Nardi (1963). The average value
of 20 obtained from our photographs corresponds to an average 
spacing of 5.3 X. The increasing intensity of the equatorial 
reflection with increasing extension ratio might be expected since 
the extension xwuld tend to align these regions parallel to the 
extension direction. Thus,the diffracted X-rays, which are spread 
evenly round the ring in the unoriented material, became concentra­
ted into arcs with a limited angular spread. Extension might also 
increase the size or number of regions in which molecules are 
parallel.
From Figure 2.12 it can be seen that the effect of extension 
at 71°C on the outer ring at 20 = 24° was to cause a weakening 
of intensity on the equator producing two meridional arcs. This 
weakening of intensity is apparent from Figure 2.17. This shows 
a plot of intensity against 28 along the meridian and equator of 
the negative obtained for material of extension ratio 3.9. The 
other curve in this figure is a plot of intensity variation along 
a diagonal and will be discussed later. It can be seen that at 
20 = 24°, corresponding to the outer diffuse ring, the intensity on 
the meridian is greater than that on the equator.
The photographs for material extended at 90°C are presented 
in Figure 2.13. It can be seen that for both extension ratios 
that the diffuse rings observed for the unoriented material re­
mained complete but in each case there was some intensification 
on the equator of the inner ring, this being more pronounced for 
the 6.0 extension ratio. There also appears to be some weakening 
of intensity on the meridian of the outer ring. This latter 
point can be confirmed from Figure 2.18 by comparing intensities at 
20 = 24° for material of extension ratio 6.0.
It was reported in an earlier paragraph, that the equatorial 
reflection arises from regions in which molecular chains were 
parallel. If additional lateral order develops, then truely 
crystalline regions will exist in the polymer. In this case 
two crystalline reflections appear superimposed upon this inner 
diffuse ring (see D*Amato and Strella (1969) and Mammi and 
Nardi (1963)). By assuming that the crystals have an orthorhom- 
bic unit cell, Natta and Corradini (1956) suggested that these 
are (110) and (200) reflections. In addition, for the oriented 
polymer the outer diffuse ring should split into four arcs,
(111) reflections, with a decrease in intensity on both meridian 
and equator. For the material extended at 71°C, no additional 
reflections could be detected superimposed on the equatorial re­
flection for most extension ratios. However, careful study of 
Figure 2.12(b) for extension ratio 2.6 reveals that, at the ex­
tremes of the equatorial reflection, the inner ring appears to 
be split into two reflections. Densitometer traces did not show 
these two reflections. In the photographs for material extended 
at 90°C, shown in Figure 2.13, the splitting of the inner ring 
into two reflections is more easily detected. However, densito­
meter traces along the equator of the negative for the 6.0 ex­
tension ratio did not show the two peaks superimposed on the 
inner diffuse peak. Instead, this peak was not a smooth curve 
but was stepped, as shown in Figure 2.19, curve A. It was thought 
that the absence of two separate peaks arose from air scatter 
masking any diffraction effects from the polyvinyl chloride.
In order to eliminate the effect of air scatter the following 
procedure was followed. It was assumed that the intensity at 
small and large values of 20 arises largely from air scatter.
The intensity distribution due to air scatter at intermediate values 
of 26 was assumed to take the form of curve B which connects 
smoothly with curve A at large and small values of 26. Curve 
B was then subtracted from curve A to give curve C, which was 
assumed to be that due to diffraction from the polyvinyl chloride.
It can be seen that the stepped peak in curve A becomes two small 
peaks in curve C. Although curve B is not necessarily the cor­
rect one for eliminating the air scatter, the procedure does in­
dicate how the peaks can be masked by other unwanted scattering.
The existence of four arcs on the outer diffuse ring can
fi
just be detected in Figures 2.12($) and 2.13(b) for material of 
extension ratios 4.5 and 6.0. This was confirmed by taking 
densitometer traces along the meridian, equator, and diagonal 
from each negative. The direction of the diagonal scan was 
chosen to go through the regions of maximum intensity on the 
outer ring. This direction is indicated by the arrows in 
Figures 2.12 and 2.13. The results from the densitometer traces 
are reproduced in Figures 2.18 and 2.20. It can be seen that, 
in each case, at 20 = 24°, corresponding to the reported position 
of the outer ring, the diagonal scan shows a greater intensity 
than either equatorial or meridional scans. Figure 2.17 shows that 
similar results were obtained for the material of 3.9 extension 
ratio obtained by extension at 71°C.
It is clear that, without the use of more sophisticated 
techniques, such as the use of monochromatic radiation and the 
elimination of air scatter by using a vacuum X-ray path, 
quantitative results cannot be obtained from the photographs 
discussed in this section. However, some conclusions of a 
qualitative nature have been reached on the basis of the results 
presented here.
If the inner reflection at 28 = 17° is considered to arise 
from regions in which the molecules are parallel, the splitting 
of the inner ring into equatorial arcs, and the increasing 
intensity of these arcs indicates that extension caused the
molecular chains to become aligned in the extension direction.
• oSince these arcs for material extended at 90 C were not as well
developed as those for extension at 71°C, the extension at 90°C 
was not as efficient in producing molecular alignment as ex­
tension at 71~C. This is in agreement with the birefringence 
results presented in Section 2.3.2.
The existence of (110) and (200) crystalline reflections 
in material of extension ratio 2.6, prepared by extension at 71°C, 
and in material of extension ratios 3.0 and 6.0, prepared by 
extension at 90°C, indicates that the material was slightly 
crystalline. The (111) reflections for material of extension 
ratios 3.9, 4.5, 3.0 and 6.0 also shows this to be so. How­
ever, because suitable techniques were not used in obtaining 
the X-ray diffraction photographs, the magnitudes of the crystal- 
linity of these materials could not be calculated. Lebedev 
et al (1967) have stated that the crystallinity of commercial grades 
of polyvinyl chloride is between 0 and 10%. It can only be
assumed that the same applies in this case. Since the crystalline
reflections were more easily detected for material extended at 
90°C, it can be concluded that this material was more crystalline 
than that extended at 71°C. It was not possible to determine the 
effects of extension on the crystallinity of the material. The 
diffuse nature of the reflections suggests that an}' crystalline 
regions were small and imperfect.
2.3.4 Stress Whitening of Polyvinyl Chloride
An effect observed during the extension of Vybak at 71°C was 
the development of a milky appearance, stress whitening, in the 
material. If the material was cooled under load and removed from 
the tensile machine, the stress whitening was retained. Material 
of extension ratio 3.3 was transparent, but some whitening could 
be observed in material of extension ratio 3.7. This suggests 
that the stress whitening started to develop in the material at an 
extension ratio of approximately 3.5. At higher extension ratios 
the whitening became more pronounced, so much so that it was not 
possible to obtain birefringence measurements at extension ratios
3.9 and 4.5. If the load was removed from the strip at the 
stretching temperature, the strip contracted and the stress whiten­
ing disappeared. Vybak extended at 90°C became slightly whitened 
at extension ratios above 7.5 but always failed before the machine 
could be arrested. The development of stress whitening was also 
observed during the extension of Cobex at both 71°C and 8Q°Ce In 
the case of extension at 80° C the stress whitening started to de­
velop at an extension ratios between 3.5 and 3.7. No similar 
detailed results were obtained for the extension of Cobex at 71CC.
The appearance of stress whitening during the deformation of
polyvinyl chloride has previously been observed by Andrews and 
K
Xazama (1968). These workers carried out creep experiments at
o odifferent stress levels in the temperature range 30 C to 140 C.
It was reported that whitening developed during creep at 60“C , 
but it was not made clear whether this also occurred at other 
temperatures. They found that the birefringence of the stress 
whitened material was higher than that of the transparent material 
of the same extension ratio. Similar results could not be ob­
tained for the material used here since both transparent and
stress whitened material of the same extension ratio were not 
obtained under the same extending conditions. Andrews and -fazama
(1968) suggested that the stress whitening was caused by the 
formation of voids in the material. Both density measurements 
and low angle X-ray scattering studies carried out on the material 
used in this investigation indicate that this is indeed the case.
Using the method discussed in Section 2.1.3 the densities 
of oriented Vybak and oriented Cobex were measured by hydrostatic 
weighing at temperatures of 19°C and 18.4°C, respectively. These 
results are reproduced in Figure 2.21. The differences in the 
accuracies of the density measurements indicated in this figure 
arose from differences in the mass of samples available for measure­
ment. From Figure 2.21, it can be seen thats for both Vybak and 
Cobex at low extension ratios,the density was constant within the 
limits of experimental error. However, in both cases the density 
started to decrease at an extension ratio of approximately 3.5.
Some stress whitening was detectable in most materials which showed 
a decrease in density. Maximum density changes of 8% and 5% were 
measured for Vybak of extension ratio 4.5 and Cobex of extension 
ratio 5.0, respectively. Some of the stress whitened Vybak was 
rolled parallel to the original extension direction and was ob­
served to become more transparent. The density of the rolled 
material (indicated by square plotting symbols in Figure 2.21) was 
found to have increased to values near that of the transparent 
material at lower extension ratios. Rolling transparent Vybak 
of extension ratio 2.6 produced no visible changes in the material 
and no significant change in density was measured. A decrease in 
density of the stress whitened material is consistent with the
development of voids causing the whitening. The term voids 
is here used to mean regions having lower density than the sur­
rounding material. A density decrease could arise from either 
a decrease in mass of the material, or an increase in volume, or 
a combination of both. Unfortunately the limits of accuracy 
of the volume measured after deformation, as indicated by the
product R R^, were greater than the measured change in density, 
x y z
For Vybak of extension ratio 4.5, which showed a density change of
8%, no appropriate dimensional measurements were made. The
values of R R R given in Tables 2.1, 2.2, 2.3 and 2.4 showed no x y z 03 > »
particular trend with increasing Rz> To check whether a de­
crease in mass or increase in volume was responsible for the 
density decrease, test pieces having gauge length 12.5 mm and 
width 4.0 mm were cut from a sheet of Vybak, and they were weighed 
before and after extension at 71°C. Three such test pieces 
were deformed and in each case the change in weight was less 
than 1 part in 1000. One test piece remained transparent and 
showed no change in density, but another test piece stress 
whitened and had a density change of at least 5%. Such a change 
in density, if due to a change of mass at constant volume, would 
cause a weight change considerably larger than that measured.
These results indicate that the density decrease associated with 
stress whitening arose from an increase in volume.
Stress whitening during the cold drawing of polyethylene 
has also been accounted for by the formation of voids. In this 
case cue voius cij.su give ri.se to scattering of X—rays at low 
angles (see Geil (1963) p.424). In view of this, low angle 
scattering photographs were obtained for polyvinyl chloride of
different extension ratioswith the intention of obtaining in­
formation concerning the shape and size of the voids. These 
photographs are reproduced in Figure 2.22. It can be seen that? 
for clear Vybak of extension ratios 2.0 and 3.3,there was a 
small amount of low angle scattering. However, comparison 
with Figure 2.22(a), which was obtained with no specimen in the 
X-ray beam, shows that a significant contribution may have come 
from parts of the main X-ray beam missing the beam stop. Further 
comments will be made concerning this contribution when measurements 
of scattered intensity are discussed later in this section. For 
extension ratios 3.9 and 4.5 there was a considerable amount of 
scattering. The shape of the scattering pattern was approxi­
mately elliptical, the major axis being perpendicular to the 
original stretching direction,which was vertical in Figure 2.22.
(The term scattering pattern refers to the pattern on the X-ray 
film produced by the scattered X-rays.) For the rolled material, 
initially extension ratio 4.5, Figure 2.22(f), the scattering 
pattern was less intense and was more nearly circular in shape.
A detailed study of the shape of the intensity distribution of 
the scattered X-rays for the 4.5 extension ratio was obtained 
using the following procedure. The negative was placed at the 
centre of the rotating table of the densitometer and was success­
ively placed in different positions by rotating through 10° or 
15^ relative to the y-traverse of the specimen table. For each 
position a densitometer trace was taken by traversing the 
negative in the y-direction. From the densitometer traces lines 
of equal intensity can be plotted as a function of r and 0, where 
r is the distance from the centre of the film in a given direction 
6, Such a plot is presented in Figure 2.23 for two intensities 
in the ratio 4 ; 9. It can be seen that the scattering spot is
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approximately elliptical, although the shape cannot be fitted 
exactly to the equation of an ellipse. That low angle scat­
tering occurs,suggests that there are inhomogeneities in the 
electron density within the material, and these act as scatter- 
ing centres for the X-rays. The decrease in density of the 
materials for which a considerable amount of low angle X-ray 
scattering occurred, indicates that these scattering centres are 
in fact voids in the material.
It is possible to evaluate the shape and dimensions of the
scattering centres, voids in this case, from the variation of
intensity of the scattered X-rays as a function of scattering
angle, e. Guinier (1952) has discussed size determinations for
certain simple cases. In particular, he states that, if the voids
are ellipses with their major axes all parallel, the scattering
pattern is also an ellipse with its major axis at right angles
to that of the voids. Thus the results presented in Figure 2.23
indicate that the voids were elliptical with their major axes
parallel to the original extension direction. Guinier (1952)
also shows that the intensity distributions, I . and I . 9
major minor
along the major and minor axes of the scattering spot, are given 
as a function of e by
where a and c are the minor and major axes respectively of the 
elliptical voids, Ie is the intensity scattered by an electron
j.major
xt 2  t  4ir2  2  2= N n Ie e x p  a^
5A2
(2.2)
I .minor
at small angles, N is the number of voids, n represents the dif­
ference between the electron densities of the voids and the sur­
rounding material9 and A is the wavelength of the radiation used. 
Assumptions made in deriving equation (2.2) are that the voids 
are all of the same size and are widely spaced. If this latter 
condition does not hold, there is interference between the X-rays 
scattered from different particles and the intensity distributions 
become considerably modified. In particular the scattered in­
tensity at £ = 0 is reduced and subsidiary maxima of scattered 
intensity occur at values of £ determined by the spacing between 
particles.
From equation (2.2) it is apparent that a plot of &n I vs e2 
should be a straight line of slope ~4fT2a2/5A2 , or -*4tr2 c2/5A2s 
depending upon which axis of the scattering pattern the intensity 
variation was measured along. The results obtained from the 
negatives for the polyvinyl chloride have been treated in this 
way. The intensity distribution along the major and minor axes 
was determined using the following procedure. The negative was 
aligned so that when traversed in the x-direction, the densitometer 
light beam moved along the major axis of the scattering pattern.
In actually measuring the intensity, the negative was traversed in 
the x-direction and at the same time scanned backwards and forwards 
in the y-direction through 2 mm. If the intensity had been measured 
by a straight traverse there was no certainty that the densitometer 
beam would have followed exactly the major axis of the scattering 
pattern. Using the scanning technique the densitometer beam did 
not follow the major axis but always intersected it at regular 
intervals. A typical trace obtained in this way reproduced in 
Figure 2.24. The intensity distribution along the major axis is
the envelope of the curve in Figure 2.24. The scattering angle, 
c s can be evaluated from the distance traversed in the x-direction 
knowing the specimen to film distance. In order to evaluate 
the intensity distribution in the direction of the minor axis s the 
negative was rotated through 90° and the above procedure was re­
peated. From the results obtained in this way plots of in I vs £ 
were obtained and are reproduced in Figures 2.25, 2.26 and 2.27.
It can be seen that in all cases the plots were approximately 
linear. Such linear plots would confirm the validity of the 
assumption made in deriving equation (2.2) that all the voids are 
of the same size. If this were not the case there would be a 
decrease in slope at small values of s2 , the limiting slope of 
the curve at small values of e2 giving the dimensions of the 
largest void. The. dimensions of the major and minor axes of the 
voids derived from the slopes of these curves are plotted as a 
function of extension ratio in Figure 2.28. There seem to be 
some inconsistencies in the results reproduced in this figure.
It can be seen that as the extension ratio increased the minor 
axis decreased in size. This might be expected if the voids, 
when they developed, did so rapidly until they reached a finite 
size and then deformed in the same way as the strip. However, 
under such circumstances the length of the major axis would be 
expected to increase with increasing extension ratio. In fact 
the opposite occurreds in that the major axis for the 4.5 extension 
ratio was smaller than that for the 3.9 extension ratio. (The 
major axis dimensions were not evaluated for smaller extension 
ratios since the scattering pattern was too small for the in­
tensity distribution to be satisfactorily evaluated.) In view 
of these inconsistencies it seems worthwhile considering what 
factors could give rise to errors in the size determinations.
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Earlier in this section it was noted that with no specimen
present some X-rays were not intercepted by the back stop. The
back stop was 1.5 mm in diameter, and since this is the calculated
diameter of the main beam at the film, it is thought that the
pattern in Figure 2.22(a) arises from scattering from the second
pinhole. After correcting for different exposure times and
absorptions, this scattering was found to be negligible compared
with the scattering from the polyvinyl chloride. (In evaluating
the absorption effects, the mass absorption coefficient for poly-
■“ 2vinyl chloride was calculated to be 60 gm cm using data supplied 
by Guinier (1952), Appendix V and equation (1.10) of his book.)
A more serious difficulty could arise from the size of the beam 
being of the same order as that of the scattering pattern, and 
also from the divergence of the main beam. In fact the ex­
tremities of the beam stop correspond to a value of e2 of
0.6 x 10 5 radians2, as indicated in Figures 2.26, 2.27 and 2.28.
The angle of divergence of the main beam was calculated to be
~ 3 .
3.3 x 10 “ radians. Thus the scattered X-rays reaching any point
on the film could have been scattered through angles differing by
as much as 3.3 x 10 radians. Yudowitch (1949) has analysed
such effects in systems where the beam is collimated by slits and
has shown how the size of both height and width of the slits can
modify the scattering pattern.
Another problem has been pointed out by Shull and Roess (1947) 
who obtained scattering intensities for the same specimen using 
unfiltered Cus nickel-filtered CuKa and monochromated OuKa 
radiation. They found at low angles, e2 ~ 4 x 10 4 radians2, that 
the unfiltered radiation and filtered radiations gave intensities 
50% and 20%, respectively, higher than those for the monochromated
3 3
radiation. The difference between the results for nickel- 
filtered and monochromated CuKa radiation arises from the fact 
that the white radiation is not removed by the filter. Since 
the results presented here were at smaller values of £ than 
that mentioned above, it is to be presumed that this might have 
a serious effect on the results.
In view of the difficulties discussed above the results 
presented in Figure 2.23 cannot be considered to represent the 
true variation of void dimensions with extension ratio. How­
ever, these results can be considered to give an order of 
magnitude for the size of the voids. The shape of the scatter­
ing pattern indicates that the voids were elliptical in shape 
with the major axes parallel to the original extension direction.
2.3.5 Summary
In this section a brief summary will be made of the behaviour 
during the hot stretching of polyvinyl chloride and the properties 
of the oriented material.
1. The similarity between the stress-strain behaviour of poly­
vinyl chloride and rubber as discussed in Section 2.3.1 suggests 
that the behaviour of polyvinyl chloride at temperatures above 
Tg can be described by a molecular network theory, provided 
allowance is made for relaxation effects, the non-permanent nature 
of the physical cross-links^ and viscoelastic stress effects.
2. During extension the material deformed such that R = R
x y
and R - 1, within the limits of experimental error.
3. Both oriented Vybak and Cobex were positively birefringent, 
the birefringence increasing with increasing extension ratio.
For a given extension ratio the birefringence was higher for the 
lower extension temperature.
4. Wide angle X-ray diffraction photographs showed that the 
molecules became aligned parallel to the extension direction.
The polyvinyl chloride was slightly crystalline, the material
oextended at 90 C being more crystalline than that extended at 
7i Co
5. At certain extension ratios both Cobex and Vybak started 
to stress whiten. Density and low angle scattering studies 
indicated that this arose from the formation of voids in the 
material. These voids were elliptical with their major axes 
parallel to the extension direction and had linear dimensions 
of the order of 140 <K.
2.4 Preparation of Oriented Polyethylene
Since it was received in the form of granules, the poly­
ethylene had to be compression moulded into the form of sheet.
At the initiation of this work no facilities were available for 
compression moulding, and so the sheets were prepared by Dr. T. 
Hinton whilst at the K.H. Wills Physics Laboratory, University 
of Bristol. The sheets, which were approximately 0.5 mm thick, 
were compression moulded at 160°C and subsequently quenched into 
water at approximately 20UC .
The oriented material was prepared by extending test pieces, 
which were of the order of 10 cm long and 5 cm wide, at room
temperature (20°C ± 2°C) . Since there was a tendency fcr the
material to tear at the gripss shoulders were cut on the test
pieceso Care "was also taken in polishing the sides of the
test pieces using fine emery cloth. Extension was carried
~1
out at a rate of 1 cm.min P irrespective of gauge length. A 
fixed extension rate* rather than a fixed strain rate, was used 
because the material necked. Under these conditions the 
boundaries of the. neck propagated at a constant rate, irrespect­
ive of the gauge length.
The structure of the oriented material was not investigated 
in any detail. Any information available concerning the oriented 
material will be presented in Chapter 8 when the deformation be- 
haviour is discussed.
2.5 Tensile Testing of Oriented Material
Tensile tests on the oriented material were carried out on 
small dumb-bell shaped test pieces. These were punched out of 
the oriented strips using a die fitted into a hand cutting press, 
as shown in Figure 2.29. Four dies giving test pieces of dif­
ferent dimensions were available. Investigations of the yield­
ing and optical anisotropy changes during deformation were 
carried out on test pieces of gauge length 6 mm and width 1.5 mm. 
Some fracture tests were also carried out using test pieces of 
gauge length 12.5 mm and width 4.0 mm. The thickness of these 
test pieces varied from 500 yin to 130 ym, depending upon the 
extension ratio of the oriented strip. The oriented polyethylene 
was tested using test pieces of gauge length 10 mm5 width 2.4 mm 
and thickness varying from 500 ym to 100 ym.
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The test pieces were cut out of the oriented strip at 
various angles relative to the original extension direction.
The angle s X „ between the original extension direction andQ ,
the axis of the test piece was measured, using a polarising 
microscope j, by locating the extinction position when the test 
piece was rotated between crossed polars. In this position 
the original extension direction, i.e. that in which the molecules 
were aligned, could be parallel to the axis of either polarizer 
or analyser. If the axes of polariser and analyser were 
parallel to the crosswires, the molecular alignment direction 
would also be parallel to either wire of the crosswires. Tc 
determine which of the wires was actually parallel to the molecular 
alignment direction, it was noted which of them was parallel to 
the drawing marks on the oriented sheet. If the drawing marks 
were not detectable, the extinction direction was taken to be 
that which was parallel to that of maximum refractive index as 
indicated by the position of the zero order fringe when using 
the compensator. All future references to the extinction 
direction will mean that corresponding to the larger refractive 
index. When the extinction direction was identified, the read­
ing on the angular scale of the rotating table was noted and the 
table was rotated until the same crosswire was parallel to the 
edge of the test piece. The reading on the angular scale was 
again noted and the difference between the two readings gave the 
value of Xq . This method of measuring A^ relies upon the axes 
of polarizer and analyser being parallel to the crosswires. This 
can be checkerdby measuring Aq as above, then turning the test 
piece over, so that its other face is uppermost, and remeasuring 
A . If the axes are parallel to the crosswires the two values of
A should be the same within experimental error. Figure 2.30o x °
shows how different values of A v arise if the axes of polarizer 
and analyser are not parallel to the crosswires. In this case 
the misalignment is approximately 10', giving rise to a difference 
of 20° in the two values cf A . Figures 2.30(a) and 2.30(h) show
Q
the orientation of the test piece at the extinction position be­
fore and after turning it over. In each case the original ex­
tension direction is parallel to the axis of the polariser. Using 
this checking technique, the axes of polarizer and analyses \<7ere 
always found to be parallel to the crosswires. For transparent 
polyvinyl chloride test pieces A^ could be measured to an
accuracy of ±0.2"'. As the material became whitened this accuracy
owas reduced until it became ±1 for Vybak of extension ratio 3.9.
At extension ratios higher than this the extinction position could
not be located and so the value of A used was the nominal one ato
which the test piece had been cut from the oriented strip. Re­
sults from transparent material suggests that the values were 
accurate to ±2°.
Details of testing conditions,such as extension rate and 
testing temperature, will be given where appropriate in the text.
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Table 2.1
Values of R 9 R , R , and R R R for Strips z9 x 9 y x y z
of Vybak Extended at 71°Ca
Rz
R
X
R
y
R R R x y z
2.0 0.70 0.72 1.00
2.6 0.62 0.61 0.99
3.0 0.58 0.57 1 .00
3.3 0.55 0.55 1 .00
3.7 0.52 0.54
■
1.03
3.9 0.51 0.51 1.01
Table 2.2
Values of R . R . R . and R R R for Strips z9 x 9 y 9 x y z
of Cobex Extended at 80°C.
R
z
R
X
R
y
R R R x y z
2.7 0.60 0.61 1 .00
3.0 0.58 0.56 0.98
3.2 0.57 0.57 1.05
3.5 0.54 0.54 1.03
3.9 0.51 0.51 1.01
4.3 0.47 0.48 0.97
5.0 0.44 0.45 1.03
.
Table 2.3
Values of R , R , R , and R R R Obtained From 
z* x* y 9 x y z
Small Test Pieces of Vybak Extended at 71°C.
R
z
R
X
R
y
R R R x y z
1 .1 0.94 0.96 1.01
2.5 0.63 0.64 1.01
3.1 0.57 0.57 1.00
3.3 0.55 0.55 0.99
3.5 0.54 0.54 1.01
3.8 0.52 0.52 1.02
4.3 0.47 0.49 1 .00
Table 2.4
Values of R , R 9 R , and R R R Obtained From z* x 9 y* x y z
Small Test Pieces of Vybak Extended at 90°C.
R R R
— 1" 
R R R
z X y x y z
2.7 0.60 0.62 1.00
3.9 0.49 0.53 1 .01
5.0 0.43 0.47 0.95
7.1 0.37 0.39 1.03
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Table 2.5
Values of R for Vybak After Extension and After Subsequent 
Annealing at the Temperatures Indicated.
1 Extension 
| Temperatures 
f °C
Rz After 
Extension
R2 After 
Annealing at 
the Extension 
Temperature
Rz After 
Annealing 
at 120°C
71 2.52 1.04 -
71 3.08 1.08 -
71 3.52 1.13 -
71 3.79 1.22 -
71 4.34 1.26 -
90 3.21 1.12 1.06
90 4.16 1.19 1.11
90 5.79 1.70 1.20
environmental chamber in position. The large 
grips shown in this photograph are those used in 
preparing the oriented material.
Figure 2.2 Photograph showing the grips used in extending 
the small test pieces. The grips are shown 
positioned in the mounting jig.
r'_iau- 0  2^3 Photograph of small tensile machine which could be 
attached to the optical microscope in order to ob­
serve stages in the deformation of test pieces.
Figure 2.b Diagram showing the arrangement for aligning deforma­
tion bands parallel to the reference were on the film, 
cassette of the X-ray camera. (Not to scale.)
Figure 2.5 Optical micrographs showing the change in dimensions 
of the grid of dots resulting.from deformation.
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Figure 2.6 Diagram of grid of dots before and after extension 
showing the dimensions and angles required in order 
to evaluate the extension ratio, R ,.
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Figure 2.J. Graph showing the variation of nominal stress as 
a function of extension ratio, R^, during the ex­
tension of Vybak at 71°C and 90°C.
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Graph shoving the variation of true stress as a
function of extension ratio, R , during the ex-z
tension of Cobex and Vybak at elevated tempera­
tures .
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Figure 2.9 Graph of true stress vs. birefringence for Vybak 
extended at 71° C and 90°C. ’ V  ' f
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Figure 2.10. Graph of true stress vs. "birefringence for Cohex 
extended at 7d.°C and 80°C.
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Figure 2 .11. Plots of birefringence vs. extension ratio for Vybak 
and Gobex extended at different elevated temperatures. 
The birefringence was measured at room temperature.
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Figure 2.12 Wide angle X-ray diffraction photographs obtained
for Vybak extended at 71°C, having extension ratios
(a) 1.0, (b) 2.6, (c) 3.9, and (d) 4.5. ***»«'£• 
Yettical.
Figure 2.13 Wide angle X-ray diffraction photographs obtained
for Vybak extended at 90°C, having extension ratios 
(a) 3.0 and (b) 6.0.
Figure 2.14 Wide angle X-ray diffraction photographs obtained 
for Cobex extended at 80°C, having extension ratio 
5.0.
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Figure 2.15* Plot of intensity vs. 20 obtained from the densitometer 
trace of the X-ray diffraction photograph for Vybak: of 
extension ratio 1 .0 . •
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Figure 2 .1 6 . Plot of intensity vs. 20 obtained from the densito­
meter trace along the equators of the X-ray dif­
fraction photographs for Vybak of extension ratios 
2 .6 , 3.9, and U.5•
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Figure 2.17. Plot of intensity vs. 20 along the equator, diagonal 
and meridian of the X-ray diffraction photograph for 
Vybak of extension•ratio 3.9*
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Figure 2.18. Plot of intensity vs. 20 along the equator, diagonal 
and meridian of the X-ray diffraction photograph for 
Vybak: of extension ratio 6.0.
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Figure 2.19. Graphs of intensity vs. 26 showing how the "background 
scattering can mask crystaliographic reflections.
Curve A is the plot of intensity distribution for the 
X-ray diffraction photograph for Vybak of extension 
ratio 6 .0 . Curve B is the assumed intensity distri­
bution for the background scattering. Curve C is the 
result of subtracting Curve B from Curve A.
curve B
curve C
2 0 (degrees)
Figure 2.20. Plot of intensity vs. 20 along the equator, diagonal, 
and meridian of the X-ray diffraction photograph for 
Vybak of extension ratio
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Figure 2.21 Plots of density vs. . extension ratio for Vybak and 
Cobex extended at 71°C and 80°C respectively. The 
square plotting symbols indicate the results for 
rolled material, and the arrows indicate the density 
change due to rolling.
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Figure 2.22 Low angle scattering patterns (a) with no speci­
men in beam, and for Vybak of extension ratios, 
(b) 2.0, (c) 3.3, (d) 3.9), (e) 4.5, and (f) 4.^ 
after rolling.
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Figure 2.23 Plots of lines of equal intensity for the low angle 
scattering pattern from Vybak of extension ■ ratio 4.5
Figure 2.24 Typical trace obtained from a low angle scattering 
using the densitometer.
Figure 2.25 Plot of Jin (intensity) vs. e2 for the intensity
distribution along the major axes of the scatter-
ing patterns obtained from Vybak of extension 
ratios■3.3 and 2.0.
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Figure 2.26 Plot of £n (intensity), vs. e2 for the intensity 
distribution along the minor.'axes of the .-scatter, 
ing patterns obtained from Vybak of extension 1 
ratios 3.9 and ^.5*
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Figure 2.27 Plot of Jin (intensity) vs. e2 for the intensity dis­
tribution along the major axes of the scattering 
patterns obtained from Vybak of extension ratios 
3.9 and k,5.
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evaluated from low angle scattering photographs, as 
a function of extension ratio for-"Vybak extended at
71°C.
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Figure 2. Photographs showing the dumb-bell shaped dies 
and the hand cutting press used in cutting out 
small test pieces.
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Figure’ 2.30 Diagram showing how errors in XQ arise if the .axis
of the polariser is not parallel to the crosswire. 
The test piece is shown at the extinction position
before and after being turned over 
the original extension direction is parallel to the 
axis of the polariser.
In each case
Observations of the Yielding and Cold Drawing of Oriented 
Polyvinyl Chloride
In this Chapter a detailed account will be given of the results 
for the investigation on the yield and cold drawing behaviour of 
oriented polyvinyl chloride. This will include measurements of 
yield and drawing stresses, and observations of deformation features 
formed at yield, and stages in their development. Also to be dis­
cussed will be strain measurements and optical anisotropy changes 
during deformation,
3.1 Experimental
In investigating the yielding and cold drawing of oriented poly­
vinyl chloride; tensile tests were carried out, using the E-type 
Tensometer, on test pieces of gauge length 6 mm and width 1.5 mm. 
These were cut from, sheets of oriented Vybak, as discussed in 
Section 2,6. Tests were carried out at an extension rate of 1
cm.min 1 * strain rate 1.7 min * on test nieces having X ranging
o
0 0 #  # ofrom 0 to 90 in approximately 15 steps. For given extension
ratio, the tests were all carried out at the same temperature, and
all tests were carried out in the temperature range I9°C to 21°C.
(The term extension ratio is used here to mean the extension ratio,
R , for the initial hot stretchine. In cases where confusion zs
might arise, this will be referred to as the prior extension ratio.) 
Those test pieces which were cut from sheets of extension ratios
2.0, 2.6, 3.0 and 3.9, obtained by extension at 71°C, were extended 
to failure in order to observe the general deformation behaviour and
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the '•■'.timate mode of failure. For those test pieces cut from 
sheets of extension ratios 2.0, 3.3, 3.7 and 4.5, and 3.0 and
O O .6.0, obtained by extension at 71 C and 90 C respectively, the 
tests were stopped immediately after yield in order to study 
deformation bands formed at yield. In addition, some tensile 
tests were carried out on uncriented material after it had been 
annealed, some at 71°C and some at 90°C. The annealinn time 
was approximately the same as the time for which the oriented 
material was in the environmental chamber during the original 
extension. From the load-extension curves obtained from these 
test pieces, measurements were made of yield and drawing stresses.
Some measurements of strains in deformation bands and necked 
regions were also made.
Stages in the formation and subsequent development of the de­
formation bands were studied by testing a number of test nieces, 
in tension, at an extension rate of 0 . 6 6  mm.min strain rate
0 . 1 1  min using the small tensile machine attached to the micro­
scope. At various stages in the deformation the tensile machine 
was stopped, and the test piece was photographed whilst in the machine. 
In addition, a number of test nieces, having the same value of X
o
and cut from the same sheet of oriented polyvinyl chloride, were 
tested at an extension rate of 1 mm min 1, strain rate 0.17 rain 
using the E-type Tensometer. These test pieces were stonned at 
various stages on the load-extension curve, and the existence of any 
deformation features was investigated by observing the test piece 
under the optical microscope. In this way, stages in the de­
velopment of the deformation bands could be correlated with positions 
on the load-extension curve. These tests were carried out on both 
oriented Vybak and Cobex.
In order to measure strains in cold drawn test pieces, a grid 
of dots, of spacing 0.193 mm, was printed on the sheets of ex­
tension ratio 2 . 0  and 2 .6 , using the technique discussed in 
Section 2.1.6. The grid was nrinted such that one line of dots 
was parallel to the extinction direction. Test pieces, with
various values of X , were cut from these sheets, and were tested
o
at an extension rate of 1 . 1  ram.min 1, strain rate 0.18 min 
using the small tensile machine shown in Figure 2.3. From measure­
ments of the grid of dots before and after extension, the varia­
tion of the natural draw ratio was determined as a function of A0
and prior extension ratio.
A detailed study of the geometry of deformation was carried 
out on test pieces extended at 50°C with a strain rate of 0.17 
min l. It had been found that these were the most suitable con­
ditions under which the test pieces deformed uniformly, as opposed 
to forming a deformation band. In uniformly deformed test 
pieces the strain could be varied in a controlled manner by vary­
ing the amount of extension. Such tests were carried out on 
test pieces with different values of A , cut from sheets of ex­
tension ratios 1.5, 2.9, 3.0, 4.4, 5.0 and 7.5, obtained by 
0
extension at 90 C. A grid of dots was printed on these sheets 
so that a detailed analysis could be made of the deformation 
geometry. For a particular value of A^, several test pieces 
were cut from the same strip, and each was extended bv different 
amounts.
Measurements of chances in both optical extinction direction 
and birefringence were made in deformation bands, and on cold 
drawn and uniformly deformed test pieces. Some of these re­
sults will be presented in this Chapter, but most of them will 
be dealt with in Chapter 5.
3*2.1 Load-Extension Curves
A useful guide to the effect of varying extension ratio 
and A on the deformation behaviour of oriented polyvinyl chloride 
can be obtained by considering the load-extension curves presented 
in Figure 3.1. For the majority of test pieces, the curve had an 
initial sharp load rise, which was followed by a load drop and a 
region in which extension occurred at constant load. In some 
cases the deformation at constant load was followed by a region 
in which the load rose before failure occurred. The first load 
rise corresponded to the elastic region in which the test piece 
deformed uniformly over the entire gauge length. At the first 
load maximum, and during the subsequent load drop, one or more 
deformation bands appeared to develop obliquely across the test 
piece. The continued extension at constant load coincided with 
the plastic deformation spreading along the gauge length, by the 
movement apart of the boundaries of the deformation band, i.e. 
a running neck was formed. Some test pieces failed before the 
whole of the gauge length had been deformed in this manner. If 
the entire gauge length was deformed, a second load rise occurred 
as the boundaries of the neck propagated into the shoulders of the 
test piece. This type of behaviour is characteristic of cold 
drawing in both crystalline and some glassy amorphous polymers.
A number of workers have investigated this phenomenon and much 
of this work has been reviewed by Ward and Pinnock (1966).
There were some exceptions to the behaviour discussed above. 
For the test pieces at Aq - 0°, extension ratio 3.0, the load 
rose continuously throughout the test, but there was a point at 
which the slope of the curve changed abruptly. Test pieces, which
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fractured before there was any noticeable change in slope of
o . .the load-extension curve, were at A - 90 , extension ratio
o
3.05 and at A = 0 °  and 15°, extension ratio 3.9. A load o
drop did occur for test pieces at A^ = 75° and 90^, extension
ratio 2.6, and A = 60° and 75°, extension ratio 3.0, but 
» o
failure occurred before the neck could start propagating.
Some effects of both extension ratio, and the angle A , ono
the load-extension behaviour are apparent from Figure 3.1. For 
instance, for material of extension ratio 2 .0 , the second load 
rise, if it occurred, started at an earlier stage in the de­
formation as A decreased. A similar trend is apparent for 
other extension ratios in Figure 3.1. For those test pieces 
which failed before a second load rise occurred, the extension
at failure increased as A decreased. The stress whitened
o
material, of extension ratio 3.9, did not show any such well 
defined trends.
Another effect of varying A^ for a particular extension ratio, 
was that the load at the first load maximum increased with de­
creasing values of A .
The effect of the extension ratio on the deformation be­
haviour is best studied by considering test pieces of fixed Aj . - , 1  0
but different extension ratios. Again, the stress whitened 
material of extension ratio 3.9 did not fit the pattern establish­
ed for the clear materials of extension ratio 2.0, 2.6 and 3.0.
For instance at A = 90v'9 the test niece of extension rati^ 2 . 0o 9
was ductile and formed a running neck, but failed before the whole 
of the gauge length had been deformed. The material of extension
» 94 -
ratio 2 . 6  failed immediately after the load drop, and the material
of extension ratio 3.0 failed suddenly just before the yield point
was reached. Following this trend, the material of extension
ratio 3.9 would be expected to have failed before the yield point
was reached, but it did in fact deform in a ductile manner and
formed a running neck. A test piece from the stress whitened
material of extension ratio 4.5 and with A = 90° also deformed
o
in a ductile manner. For the clear materials of extension ratios
2.0, 2.6 and 3.0, the behaviour, in which the test pieces failed 
at earlier stages of the extension with increasing extension ratio, 
is apparent for Aq = 75°, 60° and 45°. At all these angles the 
stress whitened material of 3.9 extension ratio extended further 
than the clear material of extension ratio 3.0.
The absence of a yield point at A = 0 °  for the 3.9 extensionc
ratio does not seem to deviate from the trend established at the 
lower extension ratios. For these test pieces the yield point 
became less well defined with increasing extension ratio since the 
load drop at yield decreased and was in fact non-existent at ex­
tension ratio 3.0.
One other aspect in which the load-extension curves for the 
stress-whitened material of extension ratio 3.9 differed from those 
of the clear material, is the shape of the load decrease. It is 
apparent from Figure 3.1 that the slope of the load-extension curve 
during the load drop is greater than that for the clear materials.
In the following sections a quantitative and more detailed 
discussion of the deformation behaviour will be given. Details 
of the mode of fracture of the material will be discussed in 
Chapter 7.
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3.2.2 Yield and Dr awing Stresses
From the load-extension curves, the nominal yield stress could 
be evaluated for each test piece. The nominal yield stress is 
the load at yield divided by the cross-sectional area measured 
prior to deformation. For those load-extension curves which 
showed a load drop, the yield point was taken as the maximum of 
the load-extension curve, as shown in Figure 3.2(a). For those 
curves which showed no load drop, as in Figure 3.2(b), the load 
at yield was taken as the value at the intersections of the ex­
trapolation of the linear portions of the curve before and after
• . 0
the yield point, The curves for test pieces at ~ 0 , ex­
tension ratio 3.7, at A - 0° and 15°, extension ratios 3.9 ando
4.5, and at X = 90°, extension ratio 3.0, showed no obvious yield 
point before the test pieces fractured. In this case the 
nominal stress, which was evaluated from the maximum recorded 
load, was taken as a fracture stress. These fracture stresses 
will not always be differentiated from the yield stress results 
to be discussed in this section. The load at yield could be 
measured to ±1%. The cross-sectional area of the test piece was 
evaluated from measurements of thickness and width. The width, 
which was measured to an accuracy of ±1 % using atravelling micro­
scope, was 1.50 mm. The thickness was measured, using a dial 
gauge, to an accuracy of ± 1  ym, giving an accuracy of ±1 % at 
extension ratio 5.0; this accuracy improved with decreasing 
extension ratio. Thus the nominal stress could be evaluated to
±3%, or better. Since the test pieces were cut out using the
sane die, their widths were the same, and thus, for comparison 
purposes the nominal yield stress was accurate to ±2 % or better.
In measuring the thickness of the test pieces, care was taken to 
check any variations along the gauge length. Within the limits 
of experimental error, there was no such variation. Most test 
pieces had a uniform tensile strain of between 6.5% and 10.5% 
at yield, and so, assuming constant volume deformation, true yield 
stresses should be between 6.5% and 10.5% higher than the quoted 
nominal yield stress values. The higher tensile strain was ob­
tained at the smaller values of A . and thus the true stress ato
small values of A would be larger relative to the nominal yieldG
stress than it would be at large values of A .
o
For a given extension ratio, the nominal yield stress had
its maximum value at A = CM and decreased to a minimum at
A^ = 90°. Figure 3.3 shows the typical variation of the nominal
yield stress as a function of A for a number of extension ratios
o
prepared by extension at 71°C. Similar results for polyvinyl 
chloride extended at 90‘;0 are presented in figure 3.4. Gibbs 
(1966) and Brown et al (1968a) have obtained similar results for the 
variation of yield stress for oriented polyvinyl chloride and 
oriented polyethylene terephthalate respectively. The results 
of Keller and Rider (1566) were different in that the minimum yield 
stress occurred at A^ - 5 7 "', approximately.
Since the yield stress vs A_^ curves were of approximately the 
same shape at different extension ratios, the effect of extension 
ratio on the nominal stress may be usefully illustrated by con­
sidering the variation of yield stress, a 9 at particular values 
of A as a function of extension ratio. In Figure 3.5, a e
o ' O '
a15j a30j Gh5» G60 s anc* aS0 are plotted as a function of extension 
ratio for material prepared at 71°C. Similar results for material
prepared at 90"'C are presented in Figure 3.6. The points plotted
in Figure 3.5 and 3.6 are not actual experimental points but are
taken from the curves in Figure 3.3 and 3.4; these curves were
drawn through the experimental points. It can be seen that, for
material extended at 71'C . both Cgg and ago decreased with increase
ing extension ratio. At all other values of the yield stress
initially increased and then decreased with increasing extension
ratio. As X decreased, the position of the maximum in a occur- 
O A
red at larger values of extension ratio. The results for ex­
tension ratio 4.5 suggest that, at large values of extension ratio,
* o o
the yield stress may start to increase again at X^ = 90 , 60 ,
45" and 30°. Since this material showed a considerable amount 
of stress whitening, if: is not clear whether the stress whitening 
or just an increase in extension ratio were responsible for this 
increase. In Figure 3.5, those points, for which fracture occurred 
before any yield point could be detected, are marked with a cross 
plctting symbol. It is thought that the decrease in at large 
extension ratios does not represent the true behaviour of the yield 
stress, but only comes about because fracture occurred before 
yielding. The dashed curve indicates the assumed variation of a 
if fracture had not intervened. There is no evidence to justify 
this assumption, but further discussion of this will be presented
in Chapter 4. It is also apparent from Figure 3.5 that, at
o * •X = 0 , those test pieces which fractured were cut from sheets 
o J
of stress whitened material. It is not clear whether this be­
haviour is due to stress whitening, or whether it arises as a 
consequence of the increase in extension ratio. This will be 
discussed further in Chapter 7. The results for material ex­
tended at 90°C are presented in Figure 3.6. It can be seen that
these were similar to the results for material extended at 71°C,
in that a goes through a maximum for = 60°. 45° and 30°.
A o
Gibbs (1966) presented some of his results for the yield
stress of oriented polyvinyl chloride in the same form as Figure
3.5. In this case, he found that 0 ^ 5  was constant at all values
of extension ratio. For values of A less than 45^, the yieldo *
stress increased with increasing extension ratio and at no 
stage decreased. For values of A^ greater than 45°, the yield 
stress decreased with increasing extension ratio. Robertson 
(1964) and Allison and Ward (1967) have shown that, for oriented 
polycarbonate and oriented polyethylene terephthalate respective­
ly, a increased with increasing extension ratio. Results pre- 
' 5 o
sented in tabular form by Bridle, Buckley and Scanlan (1958) for 
oriented polyethylene terephthalate have been plotted as in 
Figure 3.5. It was found that, at all values of A at and be­
low 45°, the yield stress increased x^ lth increasing extension 
ratio. At A = 90'*', the yield stress appeared to go through a 
minimum as the extension ratio increased.
A comparison of the results in Figures 3.5 and 3.6 shows 
that, for material extended at 71^G and 90°C, the yield stresses 
differed quite considerably when considered as a function of 
extension ratio. However, when taken as a function of bire­
fringence in Figure 3.7, the results were in much better agreement. 
To avoid confusion in Figure 3.7, the results for material pre­
pared at 71 C are represented by the curves, the experimental
points having been omitted, and the results for material prepared 
o
at 90 are represented by plotting symbols. In Figure 3.7, the 
anisotropy, as indicated by the ratio aQ/ay 3  was greater for the
material extended at 90' C , although the optical anisotropy was 
the same. It is possible that these differences arise from the 
differences in crystallinity which were indicated by the X-ray 
diffraction results presented in Section 2.3.3. The improved 
agreement in results, when considered as a function of birefringence 
might be expected if the deformation behaviour is dependant upon 
molecular alignment and not the amount of prior deformation.
For material annealed at 71'~'C the value of the yield stress 
was 10% smaller than the value for the unannealed material. A 
further reduction of 2% occurred for material annealed at 9Q"yC.
The reduction was not due to the removal of any orientation effects 
since the yield strace of the un&nnealed material was found to be 
independant of the direction in which the test pieces were cut 
from the sheet.
It has been suggested that there is a correlation between 
tensile modulus and yield stress. Allison and Ward (1967) have 
discussed this, and they have gathered together results for the 
modulus and yield stress of a number of oriented polymers. They 
have shown that, at X^ = 0 *' , such a correlation exists for poly­
styrene, polymethylmethacrylate, polycarbonate, and polyethylene 
terephthalate. Bridle et al (1968) have shown that, for various
values of X and extension ratio, there is a correlation betweeno
modulus and a “corrected" yield stress. In view of these results 
this correlation was investigated for oriented polyvinyl chloride.
In Figure 3.8, the tensile modulus is plotted against yield stress
for test pieces having different values of X and cut from sheets
o '
of different extension ratios. The modulus was calculated from 
the slope of the load-extension curve, which was taken as the 
tangent of the angle between the curve and the extension axis.
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The angle was measured using a protractor, giving rise to errors
of ±7% in the slope. In Figure 3.8, for a given extension ratio,
the experimental points at small stress values are for test pieces
having large values of A . It is clear from this figure thato
there is a definite correlation between modulus and yield stress 
for oriented polyvinyl chloride.
Another important stress measurement, which can be obtained 
from the load-extension curve2 is the nominal drawing stress.
This is defined as the constant load;, at which cold drawing 
occurred, divided by the initial cross-sectional area of the test 
piece. The load during cold drawing was not strictly constant 
but varied by as much as ±2%. In the results presented here, 
the average value of this lead was taken. The nominal yield 
stress is the stress required to initiate yielding, and the 
nominal drawing stress can be considered as the stress required 
to continue the plastic deformation. The variation of nominal 
drawing stress as a function of A^ is shown in Figure 3.9 for 
polyvinyl chloride of different extension ratios. Ho results
are presented at A = 90“', extension ratio 2.6, and A = 90° ando o
o * *75 , extension ratio 3.0, since these test pieces failed before a
running neck had become established. The absence of results at
0 . 0 -A = 0 and 15' is due to there being no load drop, the load
G
rising continuously throughout the test. From. Figure 3.9, it
can be seen that the drawing stress varied in a manner similar to 
that of the yield stress, in that it increased as A decreased. 
However, the variation of drawing stress was more pronouncfied 
than that cf the yield stress, in that the difference between 
maximum and minimum drawing stresses was larger than that for
the yield stress. This is illustrated in Figure 3.10 for materia 
of extension ratio 2 .0 .
It is apparent from their definitions that the ratio of 
nominal yield stress to nominal drawing stress gives a measure of 
the load drop for the load-extension curves shown in Figure 3.1.
By considering the ratio of these stresses, the qualitative dis­
cussion of the change in shape of the load-extension curves, 
given in Section 3.2.1* can be placed on a more quantitative basis 
Figure 3.11 is a plot of the ratio of nominal yield stress to
nominal drawing stress as a function of A for four extension° o
ratios. These curves were not plotted from results obtained 
from individual test pieces, but the experimental points were 
obtained from the curves of drawing stress and yield stress shown 
in Figures 3.9 and 3.3. Figure 3.11 also shows another aspect 
in which the behaviour of the stress whitened material differed 
from that of the clear material. At large values of A , e.g.
O * * « • • «A -- 60 . the stress ratio increased with increasing extension 
o *
ratio, but, for the stress whitened material of extension ratio
3.9 ? the stress ratio was below that of extension ratio 2.0.
The curves, other than that for the 3.9 extension ratio, intersect 
in the vicinity of A = 25°„ and for values of A less than 20^
G ' O
the stress ratio decreased with increasing extension ratio. Un­
fortunately, because insufficient results were obtained for the 
material of extension ratio 3.9, it was not possible to see if
it would follow the same trend at small values of A .o
Ignoring any slight changes in cross-sectional area due 
to elastic deformation, the drawing stress, as defined above, 
is the stress acting on the undeformed material during cold
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drawing. The other important stress measurements during cold 
drawing is the tensile stress acting on the deformed material 
in the necked region. This stress will be referred to here as 
the true drawing stress, that is, the constant load during cold 
drawing divided by the cross-sectional area of the necked 
material. The cross-sectional area was calculated from width 
and thickness measurements. The width was measured from micro­
graphs s and the thickness was measured using a dial gauge. It 
was estimated that the cross-sectional area was accurate to ±4%.
The true drawing stress is plotted as a function of A for
o
different extension ratios in figure 3.12. The most striking 
aspect of these results is that there was little variation of 
true drawing stress, particularly when compared with the varia­
tions of the nominal yield ana drawing stresses. There does not 
appear to be any particular trend in the variation as a function
of A . Results have not been oreseated in Figure 3.12 for the
o ‘ °
3.9 extension ratio, but at A = 90*" and 75"' the true drawing 
-2
stress was 90 MN m
Further discussion of the cold drawing results will be given 
at the end of this Chapter, and the yield stress results will be 
dealt with in Chapter 4. It should be noted, with reference to 
the yielding behaviour, that the tensile strain at yield, which 
was mentioned earlier in this section, showed much less anisotropy 
than did the yield stress. The importance of this result will 
be made apparent in Chapter 4.
3.2.3 General Features of Deformation Bands
It was reported in Section 3.2.1 that, at yield, the plastic 
deformation of oriented polyvinyl chloride was localised into
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narrow deformation bands which were inclined at an angle to the 
tensile axis, as shown in Figure 3.13. It was observed that two 
different types of deformation band were formed, and these are 
here classified as type 1 and type 2 bands, defined as follows.
Let a quadrant be formed bounded by the tensile axis and by the 
direction which is in the plane of the test piece and at right 
angles to the tensile axis, such that the quadrant includes the 
extinction direction; then, if the direction of the band also 
lies in this quadrant, it is of type 1 , and if it does not, it is 
of type 2. The definition is illustrated by Figure 3.14, and 
micrographs of type 1 and type 2 bands are presented in Figure 
3.13. According to this definition, the bands in oriented poly­
ethylene, for which Keller and Rider (1966) presented detailed re­
sults, correspond to type 1 bands, and the band shown in Figure 10 
by Keller and Rider (1966) is a type 2 band. The slippy and kinky 
bands observed by Brown and Ward (1968a) in polyethylene terephtha- 
late correspond to type 1 and type 2 bands respectively. For 
polyvinyl chloride, either one or both types of bands were observed 
in the majority of test pieces for which the load extension curve 
showed a load drop (Figure. 3.2(a)). In fact, for the test pieces 
deformed at a strain rate of 1.7 min 1 to yield, in only one out 
of the thirty six test pieces, in which deformation bands were 
formed, was a type 1 band observed in the absence of type 2 band. 
Type 1 bands were observed in all of these test pieces. No bands 
were observed in test pieces for which the load extension curve 
did not show a load drop (Figure 3.2(b)), or in test pieces which 
fractured before yielding occurred. Another important feature 
of both types of deformation band was that, as a result of the 
deformation, the extinction direction became inclined at a smaller
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angle, to the tensile axis. Such changes in extinction direction 
are illustrated diagramatically in Figure 3.15.
More detailed discussions cf measurements and observations 
on deformation bands are given in the following sections.
3.2.4 Deformation Band Directions
It was stated in Section 3.2.3 that deformation bands 
were formed obliquely across the test piece. Because of this, 
the angles and Y2 , between the tensile axis and the directions 
of type 1 and type 2 bands respectively (Figure 3.14), were 
measured. The effect of varying A^ on Y^ is shown in Figures 
3.16 and 3.17 for material extended at 71°C and 90°C respectively. 
The results Y 2 are shown in Figures 3.18 and 3.19. In addition 
to these results, the angle Y for the unoriented material was
found to be approximately 55°. It is estimated that the angles
o
Yj and Y 2 could be measured to an accuracy cf ±2 , or better.
It is apparent from the definition given in Section 3.2.3 that,
for uncriented material and oriented material at A = 0^ ando
A = 90°f type 1 and type 2 bands are indistinguishable.
Considering first type 1 deformation bands formed in material 
extended at 71 C, it is apparent that the effect of increasing 
A was to cause an increase in Y]_ „ This is not strictly correct
O
for material of extension ratio 2 , 0  since a minimum in Yj appears 
to be developing at A = 25^. Increasing the extension ratio 
caused an increase in the spread of values of Yi. In particular, 
the tendency was for an increase in extension ratio to cause an 
increase in Yi at large values of A ^ and a decrease at small values 
of A , Ac far as type 2 bands are concerned, the effect of varying
C
o oX was to cause Yo to have a -minimum between X = 6 0  and 50 . 
o z o
The effect of increasing extension ratio was to cause this minimum 
to become more pronounced, in that the value of Y 2 at the minimum 
became smaller and Y 2 increased more rapidly on either side of the 
minimum. The results for material extended at 90°Cs shown in 
Figures 3.17 and 3.19» were similar to those for material extended 
at 7i°C. However, the anisotropy in deformation band behaviour 
for material of extension ratio 6 . 0  was less pronounced than that 
for the 3.3 and 3.7 extension ratios, prepared at 71 C . This is 
in agreement with the yield stress results discussed in Section 3.2.2
Similar results for the effect of extension ratio and X on
o
the directions of type 1 bands have been reported by Bridle et al 
(1968) for oriented polyethylene terephthalate. Results, presented 
by Keller and Rider (1966) and Brown and Ward (1963a) for the 
directions of type 1 bands in oriented polyethylene and oriented 
polyethylene terephthalate respectively, although presented in a 
different fori::, were similar to those of polyvinyl chloride cf ex­
tension ratio 3.7. Uo results seem to have been presented pre­
viously for the directions cf type 2 bands.
3,2.5 Appearance of Deformation Bands
Wot only did the deformation band directions vary as a function
of extension ratio and X 9 but so also did the aopearance of the
o " ‘
deformation bands formed in test pieces which were deformed to 
yield at room temperature. Since the deformation band was formed 
at the yield point on the load extension curve and continued to de­
velop during the load drop until it eventually formed a running 
neck, the appearance of the deformation band would to some extent
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depend upon the stage of the deformation at which tlve tensile 
machine was stopped and reversed„ However, all tests were
stopped as soon as the load started to drop, and thus, some 
comparison cf the band appearance would seem justified. In the
following discussion it should be realised that extension ratios
o
2.0, 3.3 and 3.7 were obtained by extension at 71 C, and ex­
tension ratios 3.0 and 6.0 were obtained by extension at 90 C.
For all values of X and extension ratio, for which de~o *
formation bands were formed, both type 1 and type 2 bands were 
observed, usually, but not always, in the same test piece. The 
exception to this was the test piece at X^ = 75°, extensionv;
ratio 2.0, in which only a type 1 band was observed. This is in 
contrast to the results of Brown and Ward (1968a) and Keller and 
Rider (1966) who only observed type 2 bands at large values of Xo
in oriented polyethylene terephthalate and oriented polyethylene 
respectively.
In discussing the appearance of the deformation bands, con­
sideration will be given first to the effect of varying \ ando
extension ratio on type 1 deformation bands. At large values
of X s the deformed material inside the band was stress whitened, o ?
causing the band to be opaque. An opaque type 1 deformation
band is illustrated in Figure 3.20. Such bands were observed
at X = 90° and 75°, for extension ratios 2.0, 3.0, and 6.0, and o
at X = 90^ for extension ratios 3.3 and 3.7 (the material of
o
extension ratio 3.7 was already slightly stress whitened but this 
became more pronounced in the deformation bond). At intermedi­
ate values of X type 1 bands were still clearly observable, as 
o
is apparent from Figures 3.21 and 3.22. In this case, the bands
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are clearly observable because of the dark regions bounding the 
band a The dark appearance of the boundary regions does not 
arise frora the material being opaque. Instead, in these
regions the thickness of the test piece changed rapidly causing 
the surface to be curved. Because of this curvature, light 
was refracted and reflected out of the cone of rays being re­
ceived by the microscope objective, causing the region to appear 
dark. By altering the illumination and changing the microscope
objective it was possible to receive transmitted light from this
oregion. Such deformation bands were observed at ^  = ()0 ,
45°s 30" and 15'*’ for extension ratio 3.0, at A = 60°, 45'~‘ ands o
O • O O P30 for extension ratios 2.0 and 3.0S at A = 75 , 60 and 45"
o
for extension ratio 3.3, and at A^ = 75° and 60° for extension 
ratio 3.7. At a given extension ratio, decreasing A caused 
the dark regions bounding the bands to become less well developed. 
This change arose since the thickness change in the deformation
band became smaller as A decreased. At small values of A the
o o
thickness changes were insufficiently great to produce dark 
boundary regions, and deformation bands were only observable using 
polarised light. As a result of the deformation, the optical 
extinction direction in the deformation band was rotated towards 
the tensile axis. Figure 3.23(b) shows how slight changes in the 
optical extinction direction enable deformation bands to be de­
tected using polarised light. The same test piece is shown in 
Figure 3.23(a) in unpolarised light. In this figure no deforma­
tion bands can be detected. Such deformation bands were ob­
served at A = 0  for extension ratio 3.0. at A ~ o" and 15° for 
o o
c 0 ■>extension ratios 2,0 and 6.0, at A__ =* 15 for extension ratio 3.3,
O'
P O o ,
and at A -30' and 45 for extension ratio 3.7. No deformationO
- ioo -•
0 -oands were observe^ at X = 0  tor extension ratio 3.3* and at
o
X = 0 ° and 15° for extension ratio 3.7.
o
As far as type 2 bands are concerned, they were detectable
0 0
by virtue of their opacity at X = 9 0  and 75 for extension
o
ratio 2.G, and at A° = 90° for extension ratios 3.3 and 3.7.
Such a type 2 band is shown in Figure 3.24. At all other values
of A for which deformation bands were observed, type 2 bands could 
o
only be detected using polarised light (Figure 3.25). For
material of extension ratios 3,0 and 6.0, type 2 bands could only
o o
be observed using ordinary light at A^ = 90 and 75 .
The above discussion gives some indication of the varia­
tion in appearance of the deformation bands. However, this 
appearance would have depended to some extent upon the stage of 
deformation at which the test was stopped.
3.2.6 The Stages in the Development of Deformation Bands
In view of the fact that the appearance of deformation bands 
would depend upon the stage at which tensile tests were stopped, 
it was thought worthwhile to observe microscopically the stages 
in the development of deformation bands. This was achieved by 
extending test pieces at a strain rate of 0.18 min using the 
small tensile machine attached to the microscope. This low 
extension rate was useful since it enabled the tensile machine 
to be stopped before any observed deformation features were de­
stroyed by further extension. When the tensile machine was 
stopped, the test piece was photographed, and then the machine 
was restarted. These tests were carried out on test pieces
having A^  ~ 60°, extension ratio 2.0, \ ~ 54° and 52°, extension
ratios 3.0, and A^  = 6.5° and 69°, extension ratio 3.3, all strips
O *
having been extended at 71"C. Sinces at small deformations s 
bands were only detectable by virtue of the rotation of the ex­
tinction direction? all observations during testing were made 
using polarised light. In this way very early stages in the de­
velopment of bands could be detected.
Figures 3.26, 3.27, 3.28, and 3.29, show different test 
pieces at successive stages of the deformation. The extinction 
direction is indicated by the double headed arrow, and the tensile 
axis is parallel to the edge of the test piece. It was found 
that, in all cases, type 2 bands developed before type 1 bands. 
This is apparent in Figure 3.26 in which are presented micro­
graphs of a test piece having A^ = 52^, extension ratio 3.0, at 
successive stages of the deformation. After a small amount of 
deformation, a type 2 band was formed, as shown in Figure 3.26(a). 
This was initially detected in polarised light, but it is de­
tectable in Figure 3.26(a) because of the slight opacity of the 
deformed regions. There are also narrow dark regions in the 
type 2 band. These regions are approximately parallel to the 
extinction direction and may be cracks cr crazes. Upon further 
extension, the type 2 band remained largely unchanged, but a type 
band developed intersecting the type 2 band. It is apparent from 
Figures 3.26(b), (c) and (d) that the development of the type 1 
band resulted in the deformation associated with it being much 
greater than that associated with the type 2 band. A similar
Gbehaviour was observed at A = 40 n extension ratio 3.0. In thiso
case, the type 2 band could only be detected using polarised light 
as shoxtfn in Figure 3.27(b). Figure 3.27(a) is a micrograph.
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obtained using unpolarised light, at the same stage in the de­
formation as Figure 3.27(b). Subsequently, there developed a 
type 1 bandy which could only be observed using polarised light. 
The intersection of type 1 and type 2 bands resulted in a rather 
ill-defined region, which can be seen in Figure 3.27(c). How­
ever, after further extension, the type 1 band became observ­
able using unpolarised light (Figure 3.27(d)), and it eventually 
developed into a running neck (Figures 3.27(e) and (f)). In 
Figure 3.28 are shown micrographs of a test piece having A = 65°, 
extension ratio 3.3, in which the type 1 band developed into a 
running neck. In Figure 3.28(a), intersecting type 1 and type 2 
bands are shown. It is clear from observations of the surface 
markings in Figure 3.28(b), (c), (d), (e) and (f) that, upon 
further extension, the boundaries of the type 1 band moved along 
the test piece, forming a running neck. At the same time, the 
boundary of the type 2 band, indicated by the broken line in 
Figures 3.28(d), (e) and (f), did not move. Instead, in the 
region bounded by the boundaries of the type 1 and type 2 band, 
the extinction direction rotated towards the tensile axis. This 
did not occur by the movement of the boundary of the type 2 band, 
but seemed to result from the formation of further type 2 bands 
in this region. The existence of the region, in which the ex­
tinction direction has rotated, is apparent from the change in 
direction of the type 1 band. Similar behaviour, in which the 
type 2 band remains stationary but the type 1 band forms a run­
ning neck, is also observable in Figure 3.26.
One other rather interesting feature was observed during 
the propagation of the running neck. This is shown in Figure 
3.29 for test nieces having A = 60° and extension ratio 2.0.
prepared by extension at 71UC. As the boundary of the neck moved 
along the test piece, spike-like features were observed to develop 
at the neck boundary, and they gradually gr-w ahead of the bound­
ary. This is apparent from Figures 3.29(a), (b), and (c), in 
which the movement of the neck can be detected by observing the 
large dark region, believed to be a speck of dirt, on the test 
piece. Since the features grow ahead of the neck, they must be 
moving at a slightly faster rate than the neck boundary. In 
polarised light these features show up very sharply (Figures 
3.29(d), (e), and (f)). Figures 3.29(a) and (f) correspond to 
Fi gures 3.29(a) and (b). Under higher magnification, it can be 
seen from Figure 3.30 that the features have sharp boundaries 
and correspond in direction to type 2 deformation bands. The 
spacing between these features also appears to be quite regular. 
The arrows in Figure 3.30 show where there appears to be some 
displacements of scratches crossing these regions, suggesting 
that there is some shear associated with them. Figure 3.31(a) 
shows another test piece in which features corresponding in direc­
tion to both type 1 and type 2 bands. These are indicated by 
arrows in Figure 3.31(a). The feature corresponding to the type 
2 band appears to be formed ahead of the neck formed by a pro­
pagating type 1 band, and the feature corresponding to a type 1 
band appears to be formed ahead of the boundary of a type 2 band. 
The intersecting features are shown at higher magnifications in 
Figure 3.31(b). Finally, as the neck propagates, the feature 
becomes deformed in the necked regions of Figures 3.29(c) and 
Figure 3.30. Insufficient time was available for a detailed 
study of these features. Since they do not appear until the 
neck boundary had been propagating for some time, and since they
~  1 1 2  -•
were not observed in test pieces extended at a strain rate of
1.7 min 1 3 it appears that a slew rate of movement of the neck 
is necessary for the formation of these features.
In order to correlate stages in the deformation with posi­
tions on the load-extension curve? test pieces, having the same 
value of and same extension ratio, were deformed by varying 
amounts. These tests were only carried out on Cobex of ex­
tension ratio 3.9, obtained by extension at 71°C, and for only
n 4
one value of A 9 64~. The load-extension curve for these test
o
pieces is shown in Figure 3.32. The positions, at which the 
various tests were stopped, are indicated by the plotting sym­
bols in Figure 3.32. The letters adjacent to the symbols in­
dicate which of the micrographs in Figure 3.33 corresponds to 
each position on the load-extension curves. No deformation 
features were observed in test pieces for which no micrographs 
are presented, In those test pieces, for which the tests 
were stepped before the maximum on the load-extension curve, no 
deformation bands were observed. A type 2 band was observable, 
using polarised light (Figure 3.33(a)), in the test piece for 
which the test was stopped in the vicinity of the load maximum. 
The band has not propagated across the test piece. When the 
test was stepped just after the load maximum, a type 2 band was 
observable using polarised light, and the start of a type 1 band 
could be observed in the position indicated by the arrow in 
Figure 3.33(b). At a position further down the load drop 
(Figures 3.33(c) and (d)) both type 1 and type 2 bands could be 
observed. The type 1 band was just detectable using unpolarised 
light, but both types are clearly observed using polarised light. 
At subsequent stages in the deformation, the type 1 band, as
shown in Figures 3.33(c), (f) and (g), became sufficiently well 
developed to he observed in unpolarised light, and it eventually 
developed into a running neck. From Figure 3.33(g), it is clear 
that, although the extension is continuing at constant load, the 
neck has not attained stable dimensions. The. above discussions 
indicate that both type 1 and type 2 bands develop in the vicinity 
of the maximum of the load-extension curve. Thus, the assumption 
usee in Section 3.2.2, that the maximum load should be taken as 
the load at yield, would seem justified.
The observations discussed in this section can be summarized 
as follows?
1. Deformation bands formed in a test piece at, or close to, the
sans point in time at which the maximum occurred in the load- 
ex tensi on curve.
2. As a result of the extension, type 2 bands developed first,
and subsequently/, a type 1 band formed intersecting the type 
2 band. Since, for material deformed to yield at a strain 
rate of 1.7 rain 1 in only one out of thirty six test pieces, 
in which bands were formed, was a type 1 band observed in the 
absence of type 2 bands, this would seem to be the normal 
mode of deformation.
3. The bands, when they developed, did so at one edge of the 
test piece, and then they propagated across the test piece.
4. Only type I bands were capable of developing into running
necks by the movement apart of their boundaries. The
boundaries of type 2 bands did not appear to move.
5. During the movement of the neck boundary, a new type of
deformation band was observed to grow ahead of the boundary. 
These bands had much sharper boundaries than the type 1 and 
type 2 bands discussed in Section 3.2.5. There were two 
different types of this new band, these corresponding in 
directions to type 1 and type 2 deformation bands. A slow 
rate of propagation of the neck boundary appeared necessary 
in order for this deformation feature to develop.
In above references to differences between type 1 and type 2 
deformation bands, it should be realised that they may depend to
osome extent upon A and orior extension ratio, since, at A = 0 ^ o o
and 90°, and for extension ratio 1 .0 , the two types of bands be- 
c ame ind i s t ingui s hab1 e .
3.2.7 Strains in Deformation Bands and Necked Regions
It was suggested in Section 3.2.5 that the change in thickness
of the material in the deformation bands became smaller as A de-o
creased. This has been verified by thickness measurements. Since 
deformation bands were narrow, it was not possible to measure 
thicknesses using a dial gauge. Instead, observations on the 
test piece were made by reflection, using the Reichart microscope. 
Using high power objectives, the microscope had a small depth of 
focus, and so the surfaces of the test pieces in the undeformed 
regions and in the deformation bands could not be brought into 
focus at the same position of the specimen table relative to the 
objective. However, by focussing alternately on undeformed and 
deformed regions, the thickness change was measured from a micro­
meter gauge, which recorded the movement of the specimen table in
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changing the focus. This was repeated for the other surface of 
the test piece and the thickness chance was found to by symmetrical. 
The ratio of thicknesses before and after deformation for test 
pieces cut from material prepared by extension at 90^0 are pre­
sented in Table 3.1. It can be seen that in each case the thick­
ness decrease became smaller as Adecreased. Unfortunately, de­
tails of the depth of focus of the objective used were not recorded, 
and so no estimate of the accuracies of these measurements could be 
made. However, it is thought that any errors were considerably 
less than the thickness changes measured. Since the material 
in the deformation band was constrained from contracting signi­
ficantly in a direction parallel to the deformation band, the 
thickness ratios in Table 3.1 give a measure of the extension ratio 
at right angles to the band direction in the plane of the sheet.
Some calculations were made of the shear strain parallel to the 
deformation band from measurements of the displacement at the 
edge of the test piece. These measurements were taken from 
micrographs of the test pieces. Results were obtained from the 
same test pieces for which thickness changes were measured, and in 
ail cases was found to be approximately 100%. These measure­
ments were insufficiently sensitive to detect any effect of vary­
ing X .
o
Similar results have been presented by Keller and Rider (1966) 
and Brown and Ward (1968a) for deformation bands in oriented poly­
ethylene and oriented polyethylene terephthalate respectively.
In oriented polyethylene terephthalate the thickness ratio was
found to be 1 . 5  at A = 60°, and shear strains of the order ofo
200% were measured. However, for oriented polyethylene the 
thickness ratios were between 1.1 and 1.3, but shear strains were
as large as 1000%. Thuss from the point of view of strains, 
deformation bands in polyvinyl chloride were more like those in 
polyethylene terephthalate than those in polyethylene.
Since deformation bands eventually develop into necks, it 
seems likely that the. deformation in the neck would be affected 
in the sane way as the strains in deformation bands by changes 
in both A and extension ratio. The load-extension curves pre-
G
sented in Figure 3.1 gave a qualitative indication of the way in 
which the deformation in the neck varies. In particular, they 
gave a measure of the natural draw ratio of the test piece, 
this being the same as the extension ratio.. R , as defined in 
Section 2.1.6. The position of the second load rise on the load
extension curves gave the extension of the test piece at which
the boundaries of the necked region propagated into the shoulders 
of the test piece. Since all the test pieces had the same gauge 
length, comparison of the extension, at which the second load ris 
started, gave a comparison of the natural draw ratios of the test 
pieces. For instance, for prior extension ratio 2.0, as A
o
decreased, the extension at which the second load rise started,
also decreased. Thus, the natural draw ratios of test pieces of
a particular prior extension ratio decreased with decreasing A .
Similar trends can be observed for prior extension ratios 2.6
and 3.0. The effect of prior extension ratio on the natural
draxtf ratio at small values of A can be determined by consideringo J °
the load-extension curves at either A = 0° or 15°. In eacho
case it is clear that the natural draw ratio decreased with 
increasing prior extension ratio. Similar comparisons cannot
be made at large values of A since these test nieces failedo
before the neck had propagated throughout the gauge length.
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More quantitative results were obtained from measurements on 
the test pieces, the load-extension curves of which: are 
presented in Figure 3.1. Assuming constant volume deformation, 
the ratio of the cross-sectional area of the necked regions before 
and after deformation is equal to the natural draw-ratio of the 
test piece. The cross-sectional areas were measured in the manner 
discussed in Section 3.2.2. A q/Aj the ratio of cross-sectional 
area before and after extension, is plotted in Figure 3.34 as a
function of A^ for prior extension ratios 2.0, 2.6, 3.0, 3.9 and
o
1.0. These results confirm one of the trends discussed above,
in that the natural draw ratio decreased with decreasing A . As
o
far as the effect of extension ratio is concerned, at low values
of A . the natural draw ratio decreased with increasing extension
o
ratio. The results at low values of A are somewhat confused
o
since the ratio Aq/A is not a measure of natural draw ratio be­
cause these are the test pieces for which the second load rise 
occurred in Figure 3.1. This second load rise caused the necked 
region to be extended beyond its natural draw ratio. This was 
not the case for the test pieces of prior extension ratio 1 .0 .
At large values of A comparison of results for prior extension u os 1
ratios 2 . 0  and 1 , 0  indicates that the natural draw ratio increased 
with increasing prior extension ratios. Consideration of results 
for prior extension ratios 2.6 and 3.0 suggest that these materials 
wou].d have follow'd this trend at large values of A^, but insuf­
ficient results were obtained for a valid comparison to be made. 
Comparison of results for prior extension ratios 1.0, 2.0 and 3.9
at A = 90° indicates that the stress-whitened material of ex-o
tension ratio 3.9 did not fit the trend established for the clear 
materials of lower prior extension ratios.
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Because of the lack of results at larger values of A s more
o
accurate measurements were obtained for test pieces cut from 
sheets of prior extension ratios 2.0 and 2.S. On these sheets 
a grid of dots was printed as discussed in Section 2.1.6, such 
that one line of dots was parallel to the molecular alignment 
direction. From measurements on the grid of dots before and 
after deformation, the extension ratio, R Sas defined in 
Section 2.1.6,was determined using equation (2.1). It was esti­
mated that could be measured to an accuracy of ±2%. Measure­
ments were made for different values of A . Care x%ras taken too
ensure that the neck spread over most of the gauge length, but 
it was not allowed to propagate into the shoulders of the test 
piece. Exceptions were at Aq - 58.7° and 54.0° for prior ex­
tension ratio 2.6. These tests had to be stopped before the 
neck propagated throughout the gauge length since there were in­
dications that the test pieces were about to fracture. These 
test pieces were deformed at a strain rate of 0.17 rain 1 in the 
small tensile machine shown in Figure 2.3. From the results 
presented in Figure 3.35, it can be seen that the natural draw
ratio decreased with decreasing X . The effect of increasing
o
prior extension ratio was to increase the natural draw ratio
at lars?e values of X , and to decrease it at small values of X .^ o o
Similar results have been presented by Allison and Ward
» c
(1967). They deformed test pieces at A = 0 and showed thatG
the natural draw ratio decreased with increasing molecular
alignment. No reoorts of results at other values of X have * o
been found.
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3.2.8. Geometry of Deformation
Ilinton and Rider (1968) have shown chat, to a first approxi­
mation, oriented high density polyethylene deforms by simple shear 
parallel to the molecular alignment direction (referred to as the 
c-direction by Hinton and Rider). However, because of differences 
between deformation bands formed in oriented polyethylene and 
oriented polyvinyl chloride, it was thought unlikely that oriented 
polyvinyl chloride would deform by simple shear parallel to the 
molecular alignment direction. The deformation bands in poly­
vinyl chloride differed from those in polyethylene in that they 
were less well defined, had a ratio of shear strain parallel to 
the band to compressive strain perpendicular to the plane of the 
specimen which was smaller, and deviated from the extinction 
direction over a wider range of angles. Because of the localised 
nature and non-uni forraity of the bands, it was not possible to 
carry out accurate studies of the deformation mode in deformation 
bands. When the deformation band was allowed to develop into a 
neck, accurate measurements became possible, but, since the strain 
was controlled by the natural draw ratio of the test piece, the 
available range of strain was restricted. In view of these dif­
ficulties, studies of the deformation geometry were carried out 
on test pieces deformed uniformly under the conditions discussed 
in Section 3.1.
If the polymer deforms by simple shear parallel to the mole­
cular alignment direction, certain conditions must be satisfied. 
These have been discussed by Ilinton and Rider (1968) and are 
listed below.
1. Lines drawn parallel to the shear direction remain 
unchanged in length.
"• 1 2 0  -
2. Lines drawn parallel to the shear direction, remain 
parallel to it during deformation.
3. The relation between X and A at extension ratios R ,c t
is given by
R. = sin X /sin A, (3.1)
t o
where A is the angle between the extinction direction and 
the tensile axis after deformation. The molecular 
alignment direction is here taken as being given by 
the extinction direction. Since the grid of dots was 
printed such that one line of dots was parallel to the 
extinction direction, for the above conditions to be 
satisfied, this line should remain parallel to the ex­
tinction direction, and the spacing between the dots 
forming this line should remain constant.
Considering first condition 1, a plot of C 3/C2 as a function 
of R s as shown in Figure 3.36, indicates that the spacing between 
dots on the line initially parallel to the extinction direction did
• Q
not remain constant. For A = 45 3 prior extension ratio 1.5s
oand A = 25 , prior extension ratio 4.4, the spacing increased,0  9 L 9 i
but in all other cases it decreased with increasing R . The
only results in Figure 3.36 which are strictly comparable with
those of Hinton and Rider (1968) are those for test pieces having
A = 64°. For oriented oolyethylene test nieces with A = 62°, 
o * x o J
Kinton and Rider (1968) showed that the spacing decreased. For 
polyvinyl chloride test pieces with A = 64°, the spacing alsoG *
decreased, but the decrease was greater than that for polyethylene. 
However, the difference between these results for A^ = 64° and 62°
does not appear significant.
As a result of the deformation, the extinction direction de­
viated from the line to which it was initially parallel, such that 
the extinction direction was inclined at a smaller angle to the 
tensile axis than was the line. In Figure 3.37, cx, the angle be­
tween the extinction direction and the line to which it was in­
itially parallel, is plotted as a function of R . It can be seen 
that, in all cases, a initially increased with increasing R . For
A = 45°s extension ratio 1.5, and X = 25°„ extension ratio 4.4,
o ’ o '
there was a maximum in a, and, at large extensions, a decreased 
as R increased. For oriented polyethylene, a was reported to 
increase up to 4 y at R = 3. However, for polyvinyl chloride, 
values of a were of the order of 20°. Thus, as far as condition 
2 is concerned, the deformation behaviour of oriented polyvinyl 
chloride in no way approximated to simple shear parallel to the 
molecular alignment direction.
In order to see if condition 3 was satisfied, sin XQ/sin A
is plotted as a function of R in Figure 3.38. The dashed curves
in this figure are drawn through the experimental points, and the
continuous straight line is that expected if the deformation had
been by simple shear parallel to the molecular alignment direction.
It is clear from Figure 3.38 that, with the exception of A -- 64°,
o
extension ratio 7.5, the deformation deviated considerably from 
simple shear parallel to the molecular alignment direction. The
'A
results for A = 64'", extension ratio 7.5, seem to agree quite 
well with the predicted straight line variation. However, if 
plotted on the same scale as the results of Hinton and Rider (196S) 
(their Figure 5), the deviation is considerably greater than the
1?9
results for oriented polyethylene. The results in Figure 3.38 
show that,for a particular value of X , the deformation behaviour 
did become nearer to simple shear as the prior extension ratio 
increased. Thus, it might be that oriented polyethylene deformed 
by simple shear because the molecular alignment was somewhat 
greater than that for polyvinyl chloride. However, another factor 
might be that the polyethylene was considerably more crystalline 
than the polyvinyl chloride.
All of the results presented here indicate that the defoma- 
tion behaviour of oriented polyvinyl chloride in no way approximated 
to that of simple shear. Further discussion of these results will 
be given in Section 4.5.
3.2.9 Op tica 1^ Anisotropy in Deformation Bands and Necked Regions
It was reported in Section 3,2.3 that, as a result of the de­
formation, the extinction direction inside the deformation band 
rotated towards the tensile axis. Results are presented in Table 
3.2 for and X, in the undeformed and deformed regions respective­
ly, for type I bands in material of extension ratios 2.0, 3.3 and
Q *
3.7, prepared by extension at 71 C. AX in Table 3.2 is the angle 
through which the extinction direction has rotated. Insufficient 
results are presented in Table 3.2 to establish any sort of trend.
In any case, the value of AX would depend upon the stage of de­
formation at which the tests were stopped. The birefringence of 
the material inside the deformation band was also measured, and 
these results are presented in Table 3.3, These results are from 
material originally extended at 90°C, for which thickness change 
results were presented in Table 3.1. From these results it is
clear that birefringence changes do occur as a result of deforma­
tion .
Since deformation bands ultimately develop into running necks, 
it is likely that optical anisotropy changes occurred also in the 
necked regions. Such results are presented in Figures 3.39 and
3.40, which are plots of X and birefringence in the necked region
as a function of A . No clear trends in behaviour are apparent
o
from these results. This, however, is not surprising since these 
test pieces were not deformed in a particularly controlled manner. 
More detailed results were obtained from cold drawn and uniformly 
deformed test pieces for which accurate strain measurements were 
obtained from grids of dots. These results will be presented 
and discussed in more detail in Chapters 5 and 6 . Brown, Duckett 
and Ward (1968b) have also carried out studies of optical aniso­
tropy changes in deformation bands in oriented polyethylene 
terephthalate.
dvzU-b©- Discuss!., n
In the preceding sections detailed results have been presented 
for the yielding and cold drawing behaviour of oriented polyvinyl 
chloride. Most of these results will be discussed further in 
later chapters. However, although this investigation was not 
primarily concerned with cold drawing, some aspects of this be­
haviour will be discussed in this section.
At yield, the plastic deformation of the oriented polyvinyl 
chloride was localised into narrow bands. These bands sub­
sequently developed into a running neck, and the plastic deforma­
tion spread throughout the test piece at constant load. This
- l/A -
phenomenon of cola drawing has been discussed by a number of work­
ers in terms of the true stress-strain curve of the material. One 
condition necessary for localised plastic deformation and the 
associated load drop, is that the strain hardening rate of the 
material should decrease such that the decrease in cross-sectional 
area during deformation is insufficient to compensate for it, and 
there is a subsequent decrease in load. This has been illustrated, 
using Considered construction, by Vincent (1960) and Ward and 
Pinnock (1966) „ Considered construction is reproduced in Figure
3.41. This is a plot of true stress as a function of extension 
ratio, Rt> As the material is extended, the nominal stress, 
measured relative to the original cross-sectional area, is given by 
the slope of the line drawn from the point R = 0 to the appropriate 
position on the true stress-extension ratio curve. During the ex­
tension, all of the material in the gauge length will deform along 
the line AB. However, because of inhomogeneities in the material, 
some small element will reach the yield point, B, before the other 
material in the gauge length does so. As a consequence of the 
decrease in strain hardening rate at yield, it is now easier for 
the yielded material to continue deforming, and the deformation 
will become localised into a neck. The slope to the tangent to 
the curve at the point B gives the maximum load, and the load de­
creases during the continued extension beyond the point B. In 
order for the neck to stabilise at a fixed strain and form a 
running neck, the region of decreased strain hardening must be 
followed by a region in which the strain hardening rate increases 
rapidly. The material then deforms at a constant load which is 
given by the slope of the tangent to the point C„ The localisa­
tion of deformation does not necessarily require a sudden change
in the slope of the true stress-extension ratio curve at the
point B. All that is required is that a tangent can be drawn
to the curve from R = 0. However, Brown and Ward (1968b) have
t
discussed the decrease in strain hardening rate at yield and 
have suggested that strain softening occurs, i.e. the slope of 
the true stress-strain curve becomes negative. They presented 
evidence to show that this is so for compressive, tensile, and 
shear deformation, but, because of the formation of a neck, they 
were unable to evaluate the true stress-strain curve for tensile 
deformation. It was possible, however, to evaluate such a curve 
for oriented polyvinyl chloride deformed in tension at 50°C. These 
results are reproduced in Figure 3.42 as plots of true stress a- 
gainst extension ratio, R , for material of different prior ex­
tension ratios and different values of X . Such a decrease in
o
true stress was referred to as intrinsic yielding by Brown and 
Ward (1960b). Although Considered construction is useful in 
understanding howneck formation is initiated, it cannot completely 
account for all aspects of the cold drawing behaviour. For in­
stance, it might be expected that, once one element of the material 
had yielded and strain hardened, the load would rise again until 
a second element yields and deforms along the true stress-strain 
curve. However, since in polymers, further deformation occurs 
at constant load, the stress required to initiate yielding is 
greater than that required to propagate plastic deformation. Thus, 
the material in the gauge length, other than that which yields 
initially, will not follow the true stress-strain curve shown in 
Figure 3.41. A number of proposals have been put forward to 
account for this behaviour. Marshall and Thompson (1954) have 
suggested that the localised plastic deformation generates heat,
and hence causes an increase in temperature in the undeformed 
material adjacent to the neck boundary. This increase in tempera­
ture produces a decrease in yield stress, and thus, the stress re­
quired to propagate plastic deformation is less than that required 
to initiate plastic deformation. Vincent (I960), hox^ever, has 
shown that this effect cannot account for cold drawing at very 
slow extension rates. Instead, he has suggested that, because 
of the existence of a complex stress system in the necked region, 
the deformation can no longer be considered to be under the action 
of a tensile stress, and so the stress-strain curve in Figure 3.41 
no longer applies. Another complicating factor, which might modi­
fy the stress-strain behaviour, is the non-uniform strain rate 
distribution during cold drawing. For instance, in the undeformed 
region, the elastic strain rate, ignoring creep effects is zero, 
but, in going through the neck, the plastic strain rate increases 
to a maximum and then decreases to zero again in the necked region. 
McClintock and Argon (1966) (p. 313) have discussed the situation 
in which deformation occurs by the formation of a running neck.
In particular, they suggest that the stress required to propagate 
plastic deformation is smaller than the yield stress because plastic 
deformation in one element spills over into an adjacent element, 
thus making plastic deformation easier in that element. In 
metals the mechanism for spreading plastic deformation is the 
movement of dislocations. However, without a more detailed know­
ledge of molecular deformation mechanisms in polymers, it is not 
possible to account for these aspects of cold drawing. Although 
a decrease in strain hardening rate is necessary for localised de­
formation to occur, it does not follow that a decrease in strain 
hardening rate necessarily results in localised deformation. This 
is apparent from Figure 3.42, in which a fall in true stress was 
recorded for uniformly deformed test pieces.
If the strain hardening required to stabilise the neck is consid­
er.:;:' to anco fr--n the alignment of the molecules in the tensile 
direction, the observed behaviour of the natural draw ratio can
be accounted for qualitatively. For instance, at A = 90° the1 J * o
molecules are aligned at right angles to the tensile direction, 
and so a large amount of deformation would be required to realign 
the molecules in the tensile direction. As the prior extension 
ratio of the material is increased, a larger amount of deformation 
would be required to realign the molecules. Thus, as the prior
extension ratio is increased, the natural draw ratio of test
o
pieces with A * 90 would increase, as was observed. The a-
o
mount of strain hardening, and hence the amount of molecular 
alignment, required to stabilise the neck would depend upon the 
relative magnitudes of the nominal yield and drawing stresses.
In the above discussion the effect of varying the prior extension 
ratio on the yield and drawing stresses has been ignored. For 
a particular prior extension ratio, as A decreased, the molecules 
became more nearly aligned in the tensile direction, and hence a 
smaller amount of deformation would be required to realign the 
molecules in the tensile direction. Thus, the natural draw ratio 
would decrease with decreasing A , as was observed. Again theo o* °
effects of anisotropy in yield and drawing stresses have been 
ignored.
In spite of its failure to account completely for the cold 
drawing behaviour, Considers’s construction can account 
qualitatively for some aspects of the cold drawing behaviour. 
Considere’s construction has been applied to the true stress
♦ O
against extension ratio curves in Figure 3.42. For A = 0° o
the ratio of nominal yield stress to nominal drawing stress,
prior extension ratios 3.0 and 1.0 respectively. Similarly, at 
Aq = 64°, the stress ratios were 1.40 and 1.65 for prior extension 
ratios 2.9 and 7.5 respectively. These results are in agreement 
with the trend established at room temperature. In addition., 
the extension ratio, at which the line giving the nominal draw­
ing stress is tangential to the true stress-extension ratio curve,
is a measure of the natural draw ratio. For A = 0°, the con-
o '
struction gives draw ratios of 1.08 and 1,30 for material of prior
* • » • « o
extension ratios 3.0 and 1.0 respectively. Similarly, at A = 64 ,
O
this construction gives draw ratios of 1.70 and 1,48 for prior exten­
sion ratios 7.5 and 2.9 respectively. The above results again ex­
hibit the same trends as those obtained at room temperature. Al­
though these results were obtained for extension at 50°C, it seems 
likely that the true stress-strain behaviour at room temperature 
would be of the same shape, only varying in magnitude.
The fact that the ratio of nominal yield stress to nominal 
drawing stress, and the natural draw ratio results were different 
for the stress whitened material of prior extension ratio 3.9, 
as discussed in Sections 3.2.2 and 3.2.7, suggests that the true 
stress-extension ratio curves for the stress whitened material would 
be different from those of the clear materials. It is not apparent 
from the discussion of Considere's construction why the true drax;- 
ing stress, i.e. the stress acting on the material in the necked 
region, was constant.
The observation that type 2 bands formed before type 1 bands, 
can be accounted for by the fact that the yield stress for type 2  
bauds was smaller than that for type 1 bands. The reason, that 
type 1 bands formed subsequently, and that the type 2 bands did 
not develop into a running neck, must be that the strain hardening
characteristics were different for the two bands. In particular, 
the decrease in strain hardening rate must be more pronounced for 
type i bands, and so they develop into a running neck more readily 
than do type 2 bands.
The other important aspects of the deformation behaviour will 
be discussed in the following Chapters. However, the important ob­
servations can be summarised as follows?
1. At yield, deformation was localised into narrow bands of 
plastically deformed material. These bands x^ ere inclined at 
an angle to the tensile axis, and txro different types of de­
formation bands were observed. These bands are here referred 
to as type 1 and type 2 bands.
2. Deformation bands were formed at the maximum on the load- 
extension curves, the type 2 band being formed before the 
type 1 band was formed.
3. The magnitude of the yield stresses and directions of the de­
formation bands were affected by the anisotropy of the material, 
as produced by the alignment of the molecules during extension 
at elevated temperatures. The form of the anisotropy has
been discussed in Sections 3.2.2 and 3.2.4.
4. The variation of tensile strain at yield showed much less 
variation than did the yield stress.
5. As a result of the deformation, optical anisotropy changes 
occurred in the material within the deformation bands. This 
will be discussed further in Chapters 5 and 6 .
The deformation behaviour of oriented polyvinyl chloride in 
no way approximated to simple shear parallel to the molecular 
alignment direction. This is in contrast to the results for 
oriented polyethylene presented by Hinton and Rider (1963) .
The stress whitened material of extension ratio 3.9 behaved in a 
different manner to that of the clear material of lower ex­
tension ratios. Firstly, at A^ « 90°, the stress whitened 
material was mere ductile than the clear material, in that the 
extension to failure was greater than that of the clear material 
of extension ratio 3.0. At A^ = 0°, the development of stress 
whitening was associated with a transition from yield to 
fracture, with an associated decrease in fracture stress.
This effect could not be separated from the effect of increas­
ing prior extension ratio, and this will be investigated further 
in Chapter 7„ The ratio of nominal yield stress to nominal 
drawing stress for the stress whitened material deviated from 
the pattern established for the clear material of lower ex­
tension ratios. Likewise, the natural draw ratio did not fit 
the pattern established for the clear materials.
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Table 3.1
Values of the ratio, t /t, of the thickness of the material with-
0
in the deformation band before and after deformation. These 
results are for deformation bands formed in test pieces cut from 
sheets of Vybak. extended at 90°C. The extension ratios and 
values of X are indicated in the Table.
Extension
Ratio
X
o V *
6 .0 84° 1.8
6 .0 62.3 1.4
6 .0 52.1 1.3
3.0 74.2 1.6
3.0 54.3 1 .6
3.0 43.3 1.4
Table 3.2
Values of Xq, X, and AX for deformation bands in test pieces cut 
from sheets of Vybak extended at 71°C. The extension ratios are 
indicated in the Table.
X0 88.4 73.4 72.5 47.2 47.5 33.4
2 .0 X 22.2 32.8 26.9 31.0 41.8 24.6
AX 66.2 40.6 45.6 16.2 5.7 8 .8
X0 75.4 61.9 59.3 46.5 -
-
3.3 X 44.7 58.7 54.2 44.5 ~ -
AX 30.7 3.2 5.1 2 .0 - ~
Xo 60.8 47.8 43.5 - - -
3.7 X 50.8 42.6 33.8 - -
AX 10.0 5.2 9.7 - - -
Table 3.3
Values of birefringence measured prior to deformation 
and within deformation bands for test pieces of dif­
ferent extension ratios and different values of X •
Extension
Ratio
Xo Birefringence in Band
•
Birefringence 
Prior to De­
formation i 
X 1 o 5
3.0 54.3° 2.78 1.40
3.0 43.3° 2.61 1.40
6 .0 62.3° 1.80 2.25
6 .0
!
52.1° 2.2 2.25
Figure 3.1 Load-extension curves for test pieces having dif 
ferent values of Aq and cut from sheets of Vybak 
of different extension ratios prepared by ex­
tension at 71°C. The values of A are the
o
nominal ones at which the test pieces were cut 
from the sheet.
2-0
2*6
3-0
3-9
Figure 3.2 Load-extension curves for (a) X = 15°, extension   o •
ratio 3 .3 , and (b) = 0°, extension ratio 3 .3 ,
showing how the yield point (arrowed) was determined.
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Figure 3.3 Plots of nominal yield stress vs. for Vybak of 
different prior extension ratios prepared'"by ex­
tension at T1°C.
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Figure 3.  ^ Plots of nominal yield stress vs. Aq for Vybak of 
different prior extension ratios prepared by ex­
tension at 90°C.
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Figure 3.5 Plots of nominal yield stress, cr^ , at a particular
value of X , as a function of extension ratio for o 9
Vybak extended at 71°C.
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Figure 3.6 Plots of nominal yield stress, cr,, at a particular
“ " A
value of X , as a function of extension ratio for 
°
Vybak extended at 90°C.
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Figure 3.7 Plots of nominal yield stress, , at a particular
value of Xq9 against birefringence for; Vybak ex­
tended at 71^C (curves) and 90°C (plotting symbols).
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Figure 3 Plots of nominal yield. stress ' vs .' tensile., modulus, 
evaluated from the load-extensive curves, for test: 
pieces'- of' different and cut. from sheets • of Vyhak 
extended at 71°C. . 'X ': ''f
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Figure 3.9 Plots of nominal drawing stress vs. X for-Vvbak of
o
different extension ratios prepared by extension at 
7i°c.
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Figure 3.10 Plots of nominal yield stress and drawing stress 
■vs. ,X for Vybak of extension ratio 2.0 prepared 
by extension at' T1°C. • ;
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Figure 3.11 Plots of the ratio of nominal yield stress to.
nominal drawing stress vs. X for Vyhak extended
o
at 71°C. .
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Figure 3.12 Plots of true drawing stress vs. X-.'for Vybak of 
different extension ratios prepared by extension 
at T1°C.
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Figure 3.13 Optical micrographs of (a) type 1 and (h) type 2 
bands. In these, and all future micrographs the 
extinction direction is indicated by the double 
headed arrows- and the single headed arrows indicate 
deformation features.
Figure 3.lU Diagram illustrating the definitions of type 1 and
type 2 bands, and showing the sense in which , Y2 ,
and X are measured, 
o
d i r e c t i o n  of 
t y p e  2 band
\
\
\
\
Figure 3*15 Diagram ^ illustrating type 1 and type 2 bands , and 
the angles yi, y2 and The diagram shows the
•re-orientation of the extinction direction in the
bands
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boundary
extinction  
direct io n v
Figure 3.16 Plots of yi vs. X ■ for Vybak: of different extension
Figure 3.IT ratios prepared by extension at T1°C and 90°C.
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Figure 3.18 Plots of y2 vs. Xq for Vybak of different extension
Figure 3.19 ratios prepared.by extension at 71°C and 90°C.
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Figure
Figure
3.20
3.20
3.21
Optical micrographs showing type 1 bands in test 
pieces with = 74°, extension ratio 3.0, and
ratio 3.0, respectively.
Figure 3.22 Optical micrographs showing type 1 and type 2
Figure 3.24 bands, respectively. The type 1 band is in a
test piece having X^ = 46°, extension ratio 3.3,
and the type 2 band is in a test piece having
X = 74°, extension ratio 2.0.o *
Figure 3*23 Optical micrographs of a test piece with XQ = 45°, 
extension ratio 3.7, using (a) ordinary light and 
(b) plane polarised light. The type 1 band can 
be detected by virtue of the rotation of the ex­
tinction direction.
a x 2 6  b
Figure 3.25 Optical micrographs of a test piece with XQ * 61 „ 
extension ratio 3.3, using (a) ordinary light and 
(b) plane polarised light. The type 2 band can 
be detected by virtue of the rotation of the ex­
tinction direction.
d
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Figure 3.26 Optical micrographs of a test piece with X = 52° 9 
extension ratio 3.0, at successive stages of de~ 
formation.
Figure 3.27 Optical micrographs of a test piece with * 40°, 
extension ratio 3.0, at successive stages of de- 
format ion.
c d
Figure 3.28 Optical micrograph of test pieces with = 65°
extension ratio 3.3S showing successive stages of 
deformation. The dashed line indicates the posi­
tion of the boundary of the type 2 band.
a x 26 b
e f
Figure 3.29
,ure 3.30 High magnification optical micrograph of the spike­
like features shown in Figure 3.29. The arrows 
indicate the positions at which scratches cross the 
features, and also the features deformed in the 
necked region.
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Figure 3.32 Load-extension curve for a test piece having
A = 6*1° and cut from a sheet of Cohex extended o
at 80°C to extension ratio. The points at which 
the various tests were stopped are indicated by 
the plotting symbols. The letters refer to the 
micrographs in Figure 3.33.
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Figure 3.33 Optical micrographs of Cobex test pieces, having
X = 64° and extension ratio 3.9, at different 
o
stages of deformation. The letters refer to 
positions on the load-extension curve in Figure 
3.32.
d

Figure 3-3k Plots of natural draw ratio vs. X for Vybak of 
 --5=2------------  o
Figure 3.35 different prior extension ratios prepared by-
extension at T1°C. The draw ratio was measured 
as discussed in the text.
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Figure 3.36 Plots of c3/c2 vs.'R^, for test pieces uniformly 
deformed at 50°C.
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Figure 3.37 Plots of # vs. R^, for test pieces deformed uni 
formly at 50°C.
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Figure 3.38 Plots of sin. X /s'in' X vs. R^ for test pieces 
deformed uniformly at 50°C.
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Figure 3.39 Plots of and birefringence, respectively, vs
Figure 3.^0 XQ for the necked regions of cold drawn-bestl.
pieces which had been cut from sheets Of: Vybak
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Figure 3.Hi' Diagram illustrating Considered construction 
(For details see text.) •
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Figure 3.b2 True stress-extension ratio curves for Vybak 
deformed uniformly at 50°C. ■
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CHAPTER 4
Evaluation of a Yield Criterion
In early studies of yield and fracture of metals, before 
failure mechanisms were well understood, a continuum mechanical 
approach was used in determining under what conditions failure 
would occur. Since the work to be discussed is concerned with 
plastic deformation, particular reference will be made to yield 
as the form of failure, although some of the theories to be dis­
cussed were originally formulated with reference to fracture.
For an isotropic body, yield can be considered to take place when 
the principal stresses aj, a2, and a3, acting on the body satisfy 
the following equations
f (c?i j <J2»a3) * 0 • (4*1)
The stresses are taken positive in tension and, where necessary, 
the magnitude of the stress will be indicated by |o|. Equation 
(4.1) is a general expression for the yield criterion, which, 
when plotted in principal stress space gives a surface, which is 
usually referred to as the yield surface. Whenever the point re­
presenting the state of stress in the body lies on this surface, 
the material will just start to yield. A number of workers have 
suggested exact forms for the function f (ai, a2 > 03) and these 
have been discussed extensively by Nadai (1950) and Jaeger (1962). 
Those which have been found to describe the yielding of materials 
most successfully were proposed by von Mises in 1913 (see Hill 
(1950) Chapter 2) and Mohr (see Nadai (1950), p. 214).
The von Mises yield criterion, which was derived on purely 
mathematical grounds, by considering the invariants of the da- 
viatoric stress tensor, takes the following forms
(01 - 02>2 + (02 ~ 0 3 ) 2 + (03 ~ 0i>2 * 6 k2 , (4.2)
where k is a constant for the material and is equal to the yield 
stress in pure shear. In principal stress space, equation (4.2) 
gives a circular cylinder, the axis of which coincides with the 
space diagonal oi~ 02 * 0 3. Although this yield criterion was 
derived from mathematical considerations, other workers have in­
terpreted or derived, this criterion in physical terms In fact 
Huber proposed the same criterion earlier than von Mises in 1904 
(see Hill (1950) for deformation which involved an elastic de­
crease in volume. He suggested that yielding occurs when the 
elastic strain energy of distortion reaches a critical value.
(For deformation involving a volume increase, the total elastic 
energy was assumed to reach a critical value.) Hencky in 1924 
reintroduced this interpretation of the von Mises criterion for 
all types of deformation. An alternative interpretation due 
to Nadai (1950) was that yielding occurs when the shear stress 
on the octahedral plane reaches a critical value.
The Mohr criterion is important in that yield criteria sug­
gested earlier by other workers are in fact special cases of the 
Mohr criterion. Mohr proposed that yield occurs by plastic slip 
when the shear stress, t, on the plane of slip reaches a critical 
value, which in general, will depend on the normal stress, 0 , 
acting on the plane (see Nadai (1950)). This criterion takes 
the form:
T « f(0) (4.3)
This criterion is most conveniently represented by a plot of t 
against a. The shear stress, t, and normal stress, o, acting on 
any plane in the body can also be represented on the same plot 
using the Mohr circle diagram. The plane on which yield will 
occur is then determined by the point on the Mohr circle at which 
it is tangential to the plot x * f(a), (for details see Nadai 
(1950). If f(a) * constant in equation (4.3), the yield criterion 
reduces to the maximum shear stress criterion, which takes the 
form:
°1 -  <?3
t * -------  *= constant, (4.4)
max ^
where > 02 > 03. In principal stress space the yield surface 
takes the form of a hexagonal cylinder, co-axial with the circu­
lar cylinder of the von Mises criterion. This criterion was 
originally proposed by Tresca (see Nadai (1950), p. 211) as a 
result of experiments which he carried out on the extrusion of 
soft metals in 1865. If f(0) * Sq - ya, where Sq and y are 
constants, the Mohr criterion becomes the same as that proposed by 
Coulomb in 1773, and equation (4.3) reduces to
x * Sq - ya . (4.5)
Coulomb originally used this criterion to account for the failure 
of soils. Jaeger (1962) has suggested that Coulomb originally 
proposed a criterion similar to that in equation (4.4), which was 
later modified by Navier to give equation (4.5). However, for 
present purposes, equations (4.4) and (4.5) will be referred to as 
the Tresca and Coulomb yield criteria respectively.
Of the yield criteria discussed above, the von Mises criterion 
has been found to be most suitable in accounting for the yielding 
of most unoriented polycrystalline metals. However, under some 
circumstances, the yielding of mild steel is best described by the 
Tresca criterion. The Coulomb criterion has been found most 
appropriate for accounting for the fracture of rocks.
As far as polymers are concerned, Bowden and Jukes (1968) mid 
Whitney and Andrews (1967) have shown that a number of unoriented 
glassy polymers yield according to the Coulomb criterion. The 
results in both of the above references showed this to be true 
for polystyrene, and Bowden and Jukes (1968) also reported that 
polymethylmethacrylate, amorphous polyethylene terephthalate, and 
rigid polyvinyl chloride obey the Coulomb criterion. Recent un­
published work of Bowden and Jukes has shown that highly crystalline 
polyethylene also yields according to this criterion. Keller and 
Rider (1966) and Hinton and Rider (1968) have fitted the tensile 
yield stress data for oriented polyethylene to a form of the 
Coulomb criterion given by
x + kc * o , (4.6)s n o
where x and 0 are the shear and normal stresses acting on the s n 0
plane containing the molecular alignment direction; k and oq 
are constants. The only suggestions that polymers obey the von 
Mises criterion has been made by Thorkilsden (1964) who investi­
gated the yielding of polymethylmethacrylate.
In the present chapter an attempt is made to determine a 
yield criterion which satisfactorily accounts for the yield be­
haviour of oriented polyvinyl chloride, the results for which 
were presented in Chapter 3. In fact it is shown that the
Coulomb criterion, as in equation (4.6), cannot be fitted to the 
observed yield stress data. Instead, the yielding behaviour 
could be satisfactorily accounted for by a theory based on the 
von Mises criterion, provided that an internal stress term is 
taken into account. This criterion, however, is not completely 
satisfactory since no account is taken of the effect of hydrostatic 
stress on yielding. Suggestions are made for modifying the 
criterion to take account of such effects. Finally, it is in­
dicated that the satisfactory use of the von Mises criterion does 
not necessarily eliminate the possibility of the Coulomb criterion 
being the correct criterion. With this in mind a modification is 
suggested which would enable the Coulomb criterion to be used 
for oriented polymers; this is considered more suitable than the 
form of criterion used by Keller and Rider (1966) and Hinton and 
Rider(1968). Some aspects of this work have been reported else­
where (Hargreaves and Rider (1967) and Rider and Hargreaves (1969)).
4.1 Choice of Suitable Yield Criterion
From the considerable amount of evidence presented in the pre­
vious section, it might be thought likely that the yielding of 
oriented polyvinyl chloride could be described by a Coulomb type
of criterion, of the form used by Keller and Rider (1966) and Hinton
yc^ r
and Rider (1968). This criterion predicts that the varioge of 
cr with X should take the following forms
A O
cr, » a (sin X cos X + k sin2 X ) 1 (4.7)X o o o o
This form of the yield stress variation was satisfactorily fitted 
to the yield stress data for oriented polyethylene but the results 
presented in Figure 4.1 for material of prior extension ratio 3.0
show that it is not possible to fit the yield stress data for
oriented polyvinyl chloride to equation (4.7). In Figure 4.1 the
continuous curves are plots of equation (4.7). By fitting this
equation to the measured yield stress values at two values of Xq,
the constants a and k were evaluated, and then the variation of 
o '
a for all values of Xq was calculated using equation (4.7). For 
the curves in Figure 4.1, the yield stress at Xq = 90° was always 
taken as a fitting point, and the other fitting point was taken 
as the yield stress at Xq « 75°, 60°, 45°, 30°, and 15° for the 
different curves. The dashed curve in Figure 4.1 is drawn through 
the experimental points. It is clear that equation (4.7) cannot 
satisfactorily account for the observed yield stress variation.
The fit would be even worse for material of lower extension ratios 
since, as formulated, the criterion cannot account for the be­
haviour of material with limitingly small anisotropy. Thus it 
would appear that although Bowden and Jukes (1968) found that un­
oriented polyvinyl chloride yielded according to the Coulomb 
criterion, the form of the criterion used here does not satisfactorily 
account for the yielding behaviour of oriented polyvinyl chloride.
In considering possible alternative yield criteria that might be 
used, it is useful to follow the course taken by Keller and Rider 
(1966) in selecting equation (4.6) as an appropriate yield criterion. 
They observed, in oriented polyethylene, deformation bands (Figure 1 
of Keller and Rider (1966)) similar to localised slip steps observed 
in metal single crystals. These similarities in deformation 
features suggested that them might also be similarities in yield 
criteria. In fact equation (4.6) applies to metal single crystals 
with k equal to zero and to the results of Hinton and Rider (1968) 
for oriented polyethylene with k * 0.2. However, no matter what
value of k is chosen, equation (4.7) does not give a good fit to 
the oriented polyvinyl chloride datas but then the deformation 
bands observed in oriented polyvinyl chloride are much less 
reminiscent of slip bands in single crystals when compared with 
bands in polyethylene. In addition, as discussed in Chapter 3, 
the deformation of oriented polyvinyl chloride does not approximate 
to simple slip in the molecular alignment direction, in contrast 
to the results for oriented polyethylene presented by Hinton and 
Rider (1968).
Although the deformation geometry of oriented polyvinyl 
chloride is not similar to that of metal single crystals , de­
formation bands other than slip bands also occur in netals. These 
bands, usually referred to as LUders bands, are observed to form 
in thin strips of polycrystalline metals when pulled in tension. 
They have been described by. among others, Nadai (1950) and are 
illustrated in Figures 19.25 and 19.26 of his book. There is a 
clear resemblance to bands formed in oriented polyvinyl chloride 
(Figure 3.13 of this thesis), which were themselves also formed 
in thin strips. The similarity between LUders bands and deforma­
tion bands formed in polymers, in this case unoriented nylon, 
has previously been commented on by Kauffman and George (1951) ,
The resemblance between deformation features in polycrystal­
line metals and oriented polyvinyl chloride suggests that one 
should look for a similarity in yield criteria. The yield 
criterion which has been found to best describe the yielding of 
most metals is that of von Mises. This criterion was origins lly 
formulated for isotropic metals but has been modified by Hill 
(1948) to account for both the angles at which these bands were 
formed in strip specimens cut from anisotropic metal sheets, and
for the variation of tensile yield stress with the direction in 
which the strips are cut. It is intended in the following sections 
to attempt to fit this criterion to the observed yielding be­
haviour of oriented polyvinyl chloride.
4.2 The Hill Modification of the von Mises Yield Criterion
As discussed earlier in this Chapter, the von Mises yield 
criterion takes the following form:
(ai - 02)^ + (cr2 - 03)^ + (c3 - 0 1 ) 2 8 5 . (4.8)
This equation can be restated in terms of stress components measured 
relative to arbitrary Cartesian axes and becomes,
(0 - a  ) 2 + (0 - 0  ) 2 + (0 - 0  ) 2 +xx yy yy zz zz xx
eix1 + t + t 2) » 6 k2 
yz zx xy
(4.9)
where 0 . 0 and 0 are tensile stresses, and t , t 9 and t are xs y z 5 xy* yz9 zx
shear stresses referred to Cartesian axes. It was this form of the 
yield criterion which Hill (1948) modified to include metals which 
are anisotropic. The yield criterion then takes the following 
fora:
H (0 - 0  )2 + F (0 - 0  ) 2 + G (0 - 0  ) 2
XX yy yy zz' v zz xx'
+ 2Nt 2 + 2Lx 2 + 2Mt 2 * 1 . (4.10)xy yz zx
In this case the Cartesian axes x, y and z are taken along the 
principal axes of anisotropy of the material and H, F, G, N, L 
and M are parameters characterising the state of anisotropy of
the material. The term 6 k2 in equation (4.9) has been in­
corporated into the parameters of equation (4.10). The values 
of these parameters cannot at the moment be predicted on the basis 
of the material structure but must be determined experimentally.
This theory can now be applied to the results presented in 
Sections 3.2.2 and 3.2.4. In these experiments
XQ. \Q is the angle between the molecular alignment direction, 
which is taken as the x-axis in Figure 4.2, and the tensile axis.
The y-axis is at right angles to the x-axis in the plane of the 
sheet and the z-axis is perpendicular to the plane of the sheet.
It should be noted that these axes are not the same as those defined 
earlier in Chapter 2. Since, during the initial hot stretching, 
the width and thickness of the strips contracted relatively by 
the same amount, the oriented material was considered to have 
rotational symmetry about the x-axis. Under such circumstances 
equation (4.10) can be modified by putting G * H and the yield 
criterion becomes,
(4.11)
* a, sln ^  cos A xy X o o
a = T at 0ZZ zx
where g is the tensile yield stress for a test piece with angle
A
By substituting the measured values of the tensile yield stress, 
a , for three angles, X = 0°, 45° and 90°, three simultaneous
A O
equations were obtained, from which the constants H, F and N were
derivedo This, and all calculations to be discussed in this
section and Section 4.3, were computed on an ICL 19o5F computer.
This was done for each extension ratio obtained at the two hot
stretching temperatures. In the case of extension ratio 3.9, for
which the measured a was believed to be a fracture stress, two
o
calculations were carried out, one with a equal to the measureds o
value, and one with oq obtained from the extrapolated yield stress
curve (the dashed curve in Figure 3.5). Having derived H, F
and N, the variation of with Xq was computed from equation
(4.12) for the whole range from Xq * 0° to Xq * 90°, and this is
compared with the measured values for prior extension ratio 3.3 in 
Figure 4.3, curve A. The agreement between the results can be 
seen to be good and, similar good agreement was obtained for the 
other extension ratios. In fact, with the exception of the 
material of prior extension ratio 6 .0 , the largest difference be­
tween experimental and predicted results was 2% at Xq * 15° and 
30°, when the experimental result was always smaller than the pre­
dicted result. For material of prior extension ratio 6.0 the
error was 4% at these values of X . Thus, the difference betweeno s
the results was slightly greater than the estimated experimental 
error of ±2%.
The theory was extended by Hill (1948) in order to determine 
the angle at which deformation bands would be formed in thin strip 
test pieces such as the ones used here. (The theory does not 
concern itself with whether or not deformation bands are formed. 
This depends only upon the work hardening rate as discussed in
- 1/8 -
Chapter 3.) It was postulated that these bands would be formed 
along the characteristics whose slopes dy/dx are given by
de (dy/dx) 2 + 2 de (dy/dx) + de “ 0 . yy w  xy J xx (4.13)
The directions of the characteristic coincide with the directions 
of zero plastic extension. The plastic strain increments are ob­
tained from the plastic potential, f(a^j), using the Levy-Mises 
equations which take the following form:
de. . » [df(o..)/da..
L
dA (4.14)
dA being a constant. The plastic potential is a concept introduced
by von Mises and has been discussed by Hill (1950). The plastic
potential is in fact the same function as the yield criterion.
McClintock and Argon (1966) (p. 287) have derived equation (4.14)
from the yield criterion when it takes the form f(0 ..) « constant.
ij
From equations (4.10), (4.11) and (4.14) the plastic strain in­
crements are given by
de - [2H0 - H0 1 dA = H f2 cos2 X - sin2 xlo. dA ,xx k xx yyj 0 oj X s
de ■ Nt dA » No, sin X cos X dA „ xy xy X o o *
de ■ n~H(a - 0 ) + Fa 1yy L xx yy' yyj dA H cos2 X
+ (H + F) sin2 X^Jax dA .
(4.15)
In equation (4.13) dy/dx = tan (X + Y) where X and Y are taken
0 0
positive in the sense shown in Figure 4.2. Hence, by sub­
stituting equation (4.15) in (4.13), tan (X + Y) is given by
(F + H) sin2 A - H cos2 A 1 tan2 (A + Y) + 2N sin A
o o o o
cos A tan (A + Y) + H (2 cos2 A - sin2 A ) ** 0. (4.16)
o o  o o
Since H, F and N have been determined from the tensile yield 
stress data, Y can be evaluated for each value of Aq by substituting 
these values in equation (4,16). (This does not require the de­
termination of any more constants, since dA cancelled in deriving 
equation (4,16)). Since equation (4.16) is a quadratic, for each 
value of Aq there are two roots, one giving a positive value of Y 
and the other a negative value. From Figures 4.2 and 3.14 it is 
apparent that the negative value of Y corresponds to the type 1 
band and the positive value corresponds to the type 2 band. The 
experimental and predicted values of and Y2 for the materials 
hot stretched at 71°C are shown in Figure 4.4 (broken lines). It 
can be seen that the calculated curves are of the right shape 
qualitatively but for the higher extension ratios the quantitative 
agreement is not very good. It is apparent from Figures 4.4(c) 
and (d) that the use of the extrapolated value of oq for prior 
extension ratio 3.7 instead of the measured value made no significant 
difference to the lack of agreement between experimental and pre­
dicted results. The curves for the polyvinyl chloride hot 
stretched at 90°C are presented in Figure 4.5. The agreement 
between experimental and predicted results is quite good for prior 
extension ratio 3.0 but the agreement is not so good for prior 
extension ratio 6.0. For unoriented (isotropic) material 
N * 3F * 3H, and the insertion of these values in equation (4.16) 
gives tan Y « ±/2, or Y ■ ±54.7°, with which the measured value of 
55 agrees very well.
As a consequence of the qualitative agreement between theory 
and experiment, consideration was given to possible ways of improv­
ing the quantitative agreement, The possibility of varying the 
parameters H, F and N was rejected since any improvement of the 
fit to the band angle curve would only be at the expense of the fit 
to the yield stress data. A more fundamental approach is to con­
sider the applicability of the assumptions on which the theory is 
based.
4.3 Influence of Internal Stress on Yielding
A fundamental assumption made in formulating the von Mises 
yield criterion is that, if any stress component is changed in 
sign, the criterion should be unaltered. This is why the von Mises 
criterion, and its Hill modification, were formulated to exclude 
terms linear in stress. In fact pre-stressing polycrystalline 
metal in tension results in the yield stress in tension becoming 
greater than that in compression (the Bauschinger effect), and thus, 
the above assumption does not hold. The physical explanation of 
this asymmetry in yield stress is that the initial pre-stressing 
introduces internal stress into the metal (e.g. see Cottrell (1956)). 
Litt and Koch (1967) have proposed that similarly the mechanical 
working of polymers also sets up internal stresses, which affect 
the subsequent deformation behaviour. In this work, they rolled 
sheets of glassy polymers, polycarbonate and polyvinyl chloride, 
and showed that, if the reduction in thickness during rolling was 
sufficiently great, the thickness increased upon subsequently 
testing the material to yield in tension. They suggested that 
one would expect a decrease in thickness but internal stresses 
caused the thickness to increase. In fact, if the rolling is
considered to introduce anisotropy, then the theory proposed by 
Hill does include the possibility of a thickness increase in the 
absence of internal stresses. Using the notation introduced in 
Section 4.2, but replacing the molecular alignment direction by 
the rolling direction, the plastic strain increment in the z- 
direction is given by
positive, the thickness does decrease. However, depending upon
G or F could make ^ezz positive, corresponding to a thickness in­
crease. The only condition which need be satisfied is that
de + de + de - 0 , (4.18)xx yy zz *
i.e. the deformation occurs at constant volume. Thus without 
more information concerning the anisotropy of the material, the 
results of Litt and Koch cannot be said to be due solely to the 
effect of internal stress. However, in the light of the results 
presented by Litt and Koch, it seemed worthwhile considering the 
possibility that internal stresses affected the plastic strain 
increments, and hence the deformation band directions, in 
oriented polyvinyl chloride.
It is proposed that the hot stretching of polyvinyl chloride 
caused internal stresses to be set up in the material. It is 
assumed that it is these internal stresses which were reponsible 
for the deviations between experiment and theory described in the 
previous section. The following molecular picture is proposed to 
describe how these stresses were set up and the effect they produced.
(4.17)
A tensile stress applied to unoriented polyvinl chloride tends 
to extend the molecular chains, which are initially in a random un­
stretched configuration, in the direction of the stress. The process 
of extension occurs by the rotation of molecular chain segments and 
is hindered by interaction between neighbouring segments. Thus the 
attempt to extend the chains is resisted by internal stresses which 
are of a viscoelastic frictional nature, tending to oppose chain 
movement in any direction. Yielding requires the relative move­
ment of the molecular segments and takes place when the applied stress 
can overcome these viscoelastic stresses. If the extension is con­
tinued beyond yield, the chains become appreciably extended in the 
tensile direction and the material becomes oriented. The chains
tend to contract in order to maximise their entropy. In the
stretched material, therefore, there are internal stresses of two 
kinds: viscoelastic stresses tending to prevent molecular chain
movement, in any direction, whether extension or retraction, and 
rubber-like stresses arising from the tendency of molecular chains 
to shorten in the line in which they have been extended. The 
experiments presented here will now be interpreted in terms of this 
picture,
AS discussed in Chapter 2, the deformation behaviour of poly­
vinyl chloride during hot stretching could be accounted for by a 
molecular network theory similar to that used in accounting for 
the behaviour of rubber. The applied stress during hot stretching 
was, therefore, essentially that required to extend the molecular 
chains from a random configuration, and only a small effect arose 
from viscoelastic stresses. Cooling below Tg reduces the free 
volume available for segments to move in. Thus, the viscoelastic 
stresses increased to the extent that they could withstand the
stresses exerted by the molecular chains in attempting to shorten 
to their equilibrium length. This accounts for the fact that, 
having cooled the stretched material to room temperature at con­
stant length, it was possible to remove the material from the 
stretching machine without it contracting significantly. Under 
these conditions (zero applied stress and room temperature), the 
tensions in the chains were counterbalanced by the viscoelastic 
stresses. Thus, the repulsive forces between molecular segments 
opposed the compressive forces due to the stretched network so 
that the internal stresses summed to zero in the absence of an 
applied stress.
Reheating the unconstrained material caused it to contract in 
the original stretching direction. This is because the rise in 
temperature reduced the viscoelastic stresses to the point where 
they could no longer withstand the compressive effect of the 
stretched molecular chains. In the absence of an applied stress 
the chains were therefore able to contract, so lowering their 
tension and shortening the material. This can be regarded as 
the yielding of the material in compression under its own internal 
stress at zero applied stress. This model would account for the 
results of Nielsen and Buchdahl (1950) who observed that the 
temperature at which oriented polystyrene film started to retract 
decreased as the birefringence of the film increased. Taking the 
birefringence as a measure of molecular alignment, increasing 
birefringence indicates an increase in internal compressive stress. 
Thus, since the viscoelastic stresses decreased with increasing 
temperature, as the birefringence increased a lower temperature 
would have to be reached before the internal compressive stress could
overcome the viscoelastic stresses and cause the film to contract.
Stretching the material at room temperature in the direction 
of the extended chains did not produce yield until the applied 
stress was able to overcome the viscoelastic stresses. However„ 
the applied tensile stress was net fully effective in doing this 
because it was opposed by the molecular chain retractive stresses. 
Only the difference between the applied tensile stress and the 
total chain stress was effective in producing yield. In com­
pression in the chain direction, on the other hand, the chain
stress would aid the applied stress in producing yield. On these 
grounds an asymmetry in yield stress as between tension and com­
pression (a Bauschinger effect) in the direction of molecular 
alignment (the x-direction) is to be expected. We represent 
this effect very simply by considering the component of the applied
tensile stress in the molecular alignment direction, a , to be
xxs
reduced bv a constant amount a «. and thus introduce a Bauschingerxx'
effect into the yield criterion. So in the analysis already
given above a is replaced by (a - a ). This method of allow-
° X X  X X  X X
ing for the effects of internal stress has been suggested by 
Olszak, Mroz and Perzvna (1963). Under these circumstance the 
yield criterion becomes
2f(a. .) = H(o - a  - a  )2 + F (a - a  )2 
Ij X X  X X  yy yy zz
+ G(a - a  + a )2 + 2N t 2 + 2Lt 2 + 2Mt " zz xx xx xy yz zx
(4.19)
Still assuming transverse isotropy, so that G = H, and putting the 
stress components in terms of the applied stress we obtain for the
yield criterion?
2H(0x cos^ XQ “ axx>2 + (H + F) 0g  sin- XQ
+ 2 pa 2 cos2 x “ Her (a cos2 A ~ a Y] sin2 A * 1*
L.u a  o  A A o  xx -J o
(4.20)
The expressions for the strain increments are also modified by the
presence of the a ^  term, and the quadratic for tan (Aq + Y) be­
comes
f(F + H)cu sin2 A - H(a. cos2 A - a )1 tan2 (A + Y)A o A o xx J o
+ 2Na. sin A cos A tan (A + Y) + H[2(a. cos2 A^  - a )A o o o u A o xx
- o sin2 A 1 « 0 . (4.21)
A oJ
For each extension ratio there were, then, the values of four con­
stants F, H, N and a to be determined. This was done in the 9 9 xx
following way. A set of values of increasing from zero in
—  2steps of 4.9 MN m for material of prior extension ratios 3.3, 3.7,
5 # # •and 6.0, and 0.98 MN m for material of prior extension ratios 
2 .0 and 3.0, was taken. (It should be realised that, when these
calculations were originally carried out, the units of stress were
-2 . . -2 
taken as Kg mm . Thus, the increments m  a were 0.5 Kg ramXX
and 0.1 Kg mm respectively.) For each value of a , F, R, and 
N were computed from the measured yield stress at Aq * 0°, 45° and 
90°. Then, for each chosen value of &xxs the complete against 
Aq curve was computed, as also were the curves for Y i and Y 2 against
A . The set of values for the four constants which gave the besto
fit to the experimental results for the yield stress and band 
angle was then selected for each prior extension ratio. This
fitting procedure is illustrated in Figure 4.6 for material of
prior extension ratio 3.3. Values of Yj and Y2 predicted by the
theory are presented for different values of a , along with the
actual experimental values. The curves are not plotted at low
values of Xq since they all merge and meet at Yj « Y2 * 54.7° at
X =0°. It can be seen that the values of Yi are best fitted 
o *
-2 -2 
by a = 29.4 MN m , The curve for a » 24.5 MN m fits the3 XX XX
results at X * 89.5° but at no other point. The curve foro
—2a = 34,3 MN m deviates from the results at large values of X xx ° o
but does not improve the agreement in the vicinity of Xq ** 27°.
However, at small values of Xq the predicted results are insensitive
-2
to changes m  &xx» so that the agreement for axx * 34.3 MN m
• “2is not significantly better than that for axx « 29.4 MN m . Thus,
a ** 29.4 MN m~2 was considered the most suitable value of a to xx xx
give a good fit.In Table 4.1 are shown the values of the parameters
H, F and N for each value of a . Because of the difference in * xx
shape of the experimental and predicted curves for Y2, it is more 
difficult to determine the most appropriate value of a which
XX
gives the best fit to the experimental results. However, the
-2
curve for a * 29.4 MN m seems to be m  closest agreement with
XX
the experimental results. This is particularly so when it is 
realised that at Xq * 90°, Yj and Y2 should be the same, and hence, 
from Figure 4.6(a), equal to approximately 62.5°. This is in­
dicated by a square plotting symbol in Figure 4.6(b), but this is
not strictly an experimental point. Varying the value of a did
XX
not significantly affect the fit to the yield stress results. This
is apparent from curve A and curve B, for a = 0  and a * 29.4rr * xx xx
—2
MN m respectively, plotted m  Figure 4.3. The curves for inter­
mediate values of a were positioned between curve A and curve B.xx r
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For a * 29.4 MN m " the predicted yield stress results agreed with
XK
the experimental results to ±2% or better with exception of the 
material of prior extension ratio 6.0 for which the difference was 
±4%.
In Figure 4.4 and 4.5 the predicted values of Yi and Yo are^ * 1 £.
plotted for a * 0 and for the value of a which was considered r xx xx
to give the best fit to the experimental results. Experimental
results are also presented in Figures 4.4 and 4.5. It should
be realised that Yj and Y2 are taken positive when measured in
opposite senses relative to the tensile axis. As far as the 
results for extension ratio 3.7 are concerned, the fitting pro­
cedure was carried out using both the extrapolated and measured 
values of 0q. In fact comparison of band angle results in 
Figures 4.5(c) and (d) evaluated using measured and extrapolat­
ed values of a , suggested that the values calculated using the 
extrapolated value gave the closest agreement with the experi­
mental results. However, any differences were too small to be 
considered significant.
It was originally assumed that, because the transverse con­
traction during the original hot stretching was isotropic, the 
parameters G and H were equal. In order to check the validity 
of this assumption, some calculations were carried out with G 
not equal to H for material of prior extension ratio 3.3. Under 
these circumstances the equations for the variations of yield
stress, 0., and band angle, Y, as a function of X are as
A O
follows!
(G + H) (0 2 cos1* X - a )2 + (H + F)o 2 sin4* X
A XX A O
+ 2 N 0,2cos2 X_ - Ha, (a, cos2 X„ - a )~| sin2 X_ * 1
(4.22)
The fitting procedure was essentially similar to that used pre­
viously, but, in this case, an additional piece of experimental in­
formation had to be supplied in order to evaluate the additional 
constant, G, Three measured yield stresses were supplied along 
with the measured values of Yj at a particular value of XQ . The 
values of the parameters H, G, F, and N were then evaluated for
different values of a . The set of values for the five constantsxx
which gave the best fit to the experimental results for both yield 
stress and band directions was then determined. The three values 
of yield stress, 0q, 0^5, and 090, were used as fitting point, as 
before, but the additional fitting point for Y* was taken to be
at different values of XQ. For each fitting position for Yj,
-2 —2 . 
a was varied from 19.6 MN m to 39.2 MN m m  steps of xx r
—24.9 MN m . This procedure was carried out for prior extension 
ratio 3.3. The fit of the theory to the yield stress data was 
found to be uninfluenced by the choice of a^x or the fitting point 
for Y|. In Figure 4.7 the predicted values of Yj are plotted for 
different values of a and for different positions of the fittingXX
point. In each case the point at which the theory is fitted to 
the values of Yj is indicated in the figures. The interesting feature 
of these results is that, with the exception of the results fitted 
to Yx at Xq * 30°, the predicted results for Yj agree quite well 
with the experimental results. Also, the variation of a hasw
X 89
no effect on the predicted curves for Y , at values of X abovei. o
35°. However, at values of \ in the vicinity of A_, ~ 30°,
(..) O
and below, varying a did affect the predicted results. In 
5 - - xx
particular, decreasing a improved the fit between experimentali s  XX
and calculated results. Thus, considering only results for Y^, 
it would seem that, with G =[ II, the experimental results would
best be fitted by a =0, although no results have been pre-j xx »
sentecl for this value of a in Figure 4 <,7= Considering nowxx °
the results for Y 2 in Figure 4.8, it is apparent that, with the 
exception of results fitted to at A = 30°, the variation of 
a has little influence upon results at values of A greater
X X  o
than 45°. However, at smaller values of A 9 increasing a caused
O 3 " " X X
Y 2 to increase. In fact it would appear that Y2 is best fitted
mr' 0 • • *
at small values of A by a = 29.4 MN n; „ This conclusion is
o xx
only based on one experimental point at A = 23°, but its position 
would seem to be confirmed by comparing the variation of Y 2 for 
prior extension ratios 3.3 and 3.7 in Figure 4.4. Thus, de­
creasing  ^, although improving the fit of predicted and experi-
X X
mental results for Yj, does not predict correctly the observed large 
value of Y 2 at A = 28". In Figure 4.9, G and H are plotted as 
a function of a for different fitting positions of the Yj re-
X X
suits. From these results it can be seen that in most cases G is
, , . -2
equal to H in the vicinity of a =29.4 MN m , as indicated by
X X
the arrows. The exception to this is for the results for 
fitted at Xf = 30'% which in any case did not agree well with the 
experimental band directions. Although the evidence is not sub­
stantial, the above discussion of the band angle results does 
suggest that the assumption, that G * E, is correct. The iso­
tropic contraction during prior extension, howevers is still 
considered the most substantial justification for this assumption.
The above discussion does indicate that results for yield stress 
and the direction of type 1 bands only are insufficient to 
evaluate the parameters in the Hill theory if it cannot be re­
asonably assumed that G ■ H. In the case of material of prior
extension ratio 6.0, the transverse contraction was not isotropic 
and, therefore, it cannot be assumed that G ■ H. However, because 
insufficient experimental results were available, it was not pos­
sible to evaluate exactly all the parameters if G H, and so 
it was assumed that G * H. The results of Brown, Duckett and 
Ward (1968a), which will be discussed in more detail in Section 4.5 
show that if, during the initial stretching, the width of the 
material is constrained from contracting, then the Hill theory 
parameters evaluated from the subsequent yielding behaviour are 
such that H > G.
Although the Hill modification of the von Mises criterion, 
with an internal stress term, satisfactorily accounts for most 
aspects of the yielding behaviour of oriented polyvinyl chloride, 
the theory is not satisfactory in that it gives the correct 
qualitative, but not quantitative, variation of the directions of 
the type 2 bands. This perhaps would not be surprising if 
type 1 bands formed first at yield. However, as discussed in 
Chapter 3, type 2 bands formed first at yield, and thus should 
be better fitted to the theory. Further reference will be made 
to this aspect of the yielding behaviour in later sections.
4.4 The Influence of Molecular Orientation on the Internal Stress 
and the Hill Theory Parameters
* —2 —2 By considering steps of 4.9 MN m or 0.98 MN m in a^x it
—2 —2 
was possible to find, to an accuracy of ±2.4 MN m or ±0.49 MN m
respectivelys the value of axx which gave a good fit to the ex­
perimental data. Figure 4.10(a) shows that, both for material 
originally extended at 71°C and 90°C, a increased from zero
XX
with increasing prior extension ratio, although the two sets of 
results do net in themselves agree. However, prior extension 
ratio, while used here as a convenient parameter to describe the 
pretreatment, does not necessarily give a measure of the internal 
state of the material. As suggested earlier in Chapter 3, bire­
fringence is likely to be a more meaningful parameter in this 
sense, and, in Figure 4.10(b), a ^  is plotted as a function of 
birefringence. The results for material extended at 90°C and 
71°C are in much better agreement when plotted in this way than 
when plotted against extension ratio.
If the birefringence is regarded as a measure of the degree 
of molecular alignment, then these results suggest firstly that 
the internal stress rises from zero as the molecular orientation 
is increased from the unoriented state, and secondly that the 
internal stress is approximately the same for the same degree 
of orientation irrespective of the stretching temperature. This 
is consistent with the concept of internal stress described in 
Section 4 .3.
Furthermore, the molecular picture presented in Section 4.3
suggests that, for a given prior extension ratio, the internal
stress, a , should be related to the applied true stress at the xx
hot stretching temperature at which the initial extension was 
carried out. Molecular network theories predict that the stress, 
arising from the tendancy of the molecules to retract back to a 
random configuration, should be smaller at the lower temperature, 
i.e. the temperature at which a was evaluated. It might
therefore be expected that a and the stress during extension
XX
would be proportional but not necessarily equal. In Figure 4.11*
both a and the true stress during the original extension at 
xx
71°C and 90°C are plotted as a function of prior extension 
ratio. The experimental points are the values of a and the
XX
continuous lines are plots of true stress during extension at 71°C 
and 90°C. Only in the case of prior extension ratio 6.0 was 
the difference between true stress and a greater than the ex-
XX
perimental errors. However, it was pointed out in Section 4.3
that H should be greater than G, and Figure 4.9 indicates that
under such circumstances a should be smaller than that evalua-xx
ted using G = H. This would improve the agreement between a
XX
and the true stress. Thus the agreement between a and the
° xx
true drawing stress is remarkably good. It can be considered 
even more significant since agreement was obtained for material 
extended at two different temperatures.
The parameters H, F and N were also found to vary according 
to the degree of molecular alignment of the polyvinyl chloride.
These variations as a function of both prior extension ratio and
• o obirefringence for material originally extended at 90 C and 71 C
are shown in Figure 4.12. Two factors affect the accuracy of the
values of the parameters, these being the accuracy of the yield
stress measurements used as fitting points, and the effect of the
uncertainty in the values of a on the values of the parameters.xx
In fact by considering the possible errors in yield stress at 
the fitting points, the uncertainty in the values of the parameters 
was found to be greater or equal to that arising from the un­
certainty in the appropriate value of a . The estimated un-
XX
certainties are indicated in Figure 4.12. As might be expected
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from previous discussions, when plotted as a function of prior 
extension ratio, the results for the material extended at the 
two temperatures do not agree. Howevers when considered as 
a function of birefringence, the agreement is considerably im­
proved , although there is still a discrepancy in the results.
It can be seen from Figure 4.12(b) that H decreased and
F increased with increasing birefringence. By putting X^ - 0°
and XQ * 90° in equation (4.20), it is clear that the values of
these parameters are determined by the values of a0 and ago»
and so, the variation of this form might be expected from the
results presented in Figure 3.5. However, one rather interesting
feature of the results is that N went through a minimum as the
birefringence increased. One implication of this variation of
N is that the shear yield stress, t , for shear parallel to thexy
molecular alignment direction went through a maximum as the bire­
fringence increased. This is shown in Figure 4.13 where x is 
plotted as a function of prior extension ratio for material
originally extended at 71°C. These values of x were calculated
xy
by putting all stress components except x in equation (4.20) equal 
to zero to give
T 2 = (1 - 2H a 2) (2H)'1 . (4.24)
Ay xx
By substituting in equation (4.24) the values of the parameters H,
N and a obtained from the tensile yield data, x could be
xx J $ xy
calculated. Unfortunately no measurements of shear yield stress 
have been carried out to confirm experimentally the existence of 
this maximum in x
xy
Since Hill included the anisotropy parameters in the von 
Mises criterion in a quite arbitrary manner, and since in formu­
lating the yield criterion the material is considered as a con­
tinuum, taking no account of microstructure, it is difficult to 
interpret the variation of H, F and N in terms of structural 
changes. However, in this context it is interesting to note 
the observed relationship between tensile yield stress and tensile 
modulus, which was discussed in Section 3.2.2. (The corrected 
yield stress which was mentioned with reference to the work of 
Bridle et al (1968) was evaluated in the following way. They 
determined the Hill theory parameters and a ^  from the observed 
yielding behaviour, and then calculated the corrected yield stress 
by using these values of the parameters in an equation similar 
to equation (4.20), but with a ^  * 0.) Other evidence suggests 
that shear moduli are related to the shear yield stresses. For 
instance, the existence of a minimum at X ■ 57° in the plot of a, vs
O A
Xq for ori®eted polyethylene (see Keller and Rider (1966)) indicates 
that slip parallel to the molecular alignment direction is the 
easiest mode of plastic deformation, and Darlington and Saunders 
(1968) have shown that the equivalent elastic compliance, S55, 
is very much larger than the other compliances. The results pre­
sented in Figure 4.13 show that the tensile yield data led to a 
prediction that, for polyvinyl chloride, the shear yield stress,
t , had a maximum value as the prior extension ratio increased, xy* r
Unfortunately,no information has been obtained concerning a pos­
sible maximum in the equivalent modulus of polyvinyl chloride with 
increasing prior extension ratio. However, it has been shown by 
Raumann (1963) that, for polyethylene terephthalate, the equivalent 
compliance, S55 (st^ using Raumann*s notation) had a minimum as
the extension ratio increased. These results indicate that it 
is not inconceivable that S55 for oriented polyvinyl chloride 
might behave in a similar manner.
It is possible, by considering a physical interpretation, 
which has been given to the von Mises yield criterion, to relate 
the yield stress and modulus on the basis of this interpretation.
Jaeger (1962) has shown that, if the von Mises criterion is taken 
as a critical elastic distortional energy criterion, then for 
isotropic materials, the criterion can be considered as a critical 
strain, rather than a critical stress criterion. The criterion 
is then given by
(ej - e2) 2 + ( e2 “ e3>2 + ( e 3 - £i>2 * c , (4.25)
where c is a constant and , e2 and e3 are the principal strains. 
Robertson (1964) has taken this form of the criterion and has
i,
suggested that it applies, with no modifications, to anisotropic materials. 
In view of the fact that the tensile strain at yield for polyvinyl 
chloride did not show a large variation for different values of X
o
and prior extension ratio (see Section 3.2.2) it was thought worth­
while to consider this proposed criterion in more detail. Robertson 
(1964) considered only the simple case of tensile deformation with 
the stress applied parallel to the molecular alignment direction, 
i.e. X^ * 0°. Equation (4.25) will now be extended to apply to 
test pieces having any value of XQ.
The left-hand side of equation (4.25) is proportional to 
the square of the shear strain on the octahedral plane expressed 
in terms of principal strains. Expressed in terms of strain com­
ponents measured relative to arbitrary Cartesian axes, this becomes
196 -
(e ~ e ) 2 + (e — e ) 2 + (e — e ) 2 + xx yy yy zz zz xx
6 (e 2 + e 2 + e 2) - c »xy yz zx ’ <4.27)
where e.^ are the strain components measured relative to the 
Cartesian axes. The strain components expressed in terms of 
stress components and elastic compliances are as follows:
e * sii a + si2 a + si3 a xx xx L yy zz
£ — Sio <7 + Sop O + Soq 0
yy ^  xx yy zz
e - Siq cr + Soq a + Sqa a 
zz aejt yy zz
yz
xz
xy
+ sm* xyz
+  s55 T xz
+ s66 Txy
(4$&)
Substituting equation (4.77^ ) in equation (4.27) gives
[(-11 axx + S12 °yy + 813 “ (Sl2 axx + 822 °yy + 823 °2Z)]
+ [(812 C'xx + s22 Oyy + S23 azz) - (s13 + s23 ayy + s33 azz)J
+ [ ( s i2 °xx + 822 ayy + 823 °zz) " (sH  °xx + 812 °yy + 813
+  6  [(81,1, T y z ) 2  + (s55 T x z ) 2  +  ( s 6 6  T x y > * j  =  c  • (4 .28)
Equation (4.28) is a yield criterion,, expressed in terms of stress 
components, which can be applied to either isotropic or anisotropic
materials. The anisotropy will be taken into account in the values
of the elastic compliances. In the particular experiments dis­
cussed here the material is considered transversely isotropic and 
thus, si2 88 s13, s22 * s33, s66 = S55s and s ^  - 2(s22 - s23) .
Under these circumstances, and taking the stress components as 
those given in equation (4.11), the yield criterion becomes
°x2 {2 (sn ~ si 2 ) 2 cos4 Ao + [(s12 - s22) 2 + (s22 - s23) 2
+ (s23 " sx2)2] sin4 XQ + [2(sn  - s12) (2s12 - s22 - s23)
+ 6s 552] sin2 Aq cos2 Aq} * c . (4.29)
This criterion takes the same form as that given in equation (4.12) 
by the Hill modification of the von Mises yield criterion. How­
ever, the following discussion shows that, in general, the Hill 
theory parameters cannot be expressed in terms of the elastic com­
pliances and the constant c. By putting all stress components, 
except x , equal to zero in equation (4.10) and (4.28) it is 
easily shown that
Txy" 2 “ 2N " 6ss62 (c)_1 • (A.30)
Taking this expression for N in terms of S55 (transverse isotropy
is assumed) and equating coefficients of cos4 A and sin2 A
0 0
cos2 Aq in equations (4.29) and (4.12) it is apparent that a con­
sistent expression for H in terms of elastic compliances cannot be 
obtained.
Since equation (4.29) does have the same form as equation
(4.12), it is apparent that it could predict the correct form for
the variation of cr, as a function of A . Unfortunately, no
A o
measured values of the elastic compliances were available, and 
so equation (4.29) could not be applied to the results for oriented 
polyvinyl chloride. However, Raumann (1963) has carried out ex­
tensive experiments and evaluated ;;he variation of elastic com­
pliances of oriented polyethylene terephthalate as a function of 
birefringence. The results given by Raumann have been used by the 
present author in equation (4.29) to see if the predicted varia­
tion of as a function of Aq and birefringence is the same as 
that observed for polyvinyl chloride discussed here, or for poly­
ethylene terephthalate, as discussed by Bridle, Buckley and 
Scanlan (1968). In Figure 4.14 the values a evaluated using
the values of compliances given by Raumann, are plotted as a
%
function of birefringence. (sq, s si3»^sif«+» and sgg given
by Raumann are equivalent to S2 2> S23, S12 s sl 1» s55 and s^, 
respectively, in equation (4.29).) It can be seen from Figure 4.14 
that the results are similar to those for polyvinyl chloride in 
that ago decreased with increasing birefringence, but 01+5 and o 3q 
went through a maximum as the birefringence increased. oq increased 
with increasing birefringence. The results obtained by Bridle, 
Buckley and Scanlan were not the same as those in Figure 4.14 in 
that no maximum was observed in 0^5 and g3q and there was a 
minimum in 09q. The similarity between the predicted results
and the observed results for polyvinyl chloride does confirm that 
equation (4,29) is capable of accounting for the yielding be­
haviour of oriented polymers.
The results given in Figure 3.8 indicated that the tensile 
yield stress, a 9 and the tensile modulus, E , are related.
A A
Since equation (4.29) gives the yield stress in terms of elastic 
compliances, it follows that the critical strain criterion will 
result in the yield stress and tensile modulus being related. 
is given in terms of the elastic compliances by
E. 1 = Sit cos** X + (2sio + skk) sin2 X cos2 X 
X Ai o ■LZ 30 o o
+ 8 0 7  sin1* X . (4 .3i)
Again using the values of the elastic compliances given by Raumann,
was evaluated for different values of XQ and birefringence. This
value of E is plotted against the value of a., given by equation 
A A
(4.29) in Figure 4.15. It can be seen that the two are not linearly 
related, tut there is a slight curvature in the same sense as that 
for polyvinyl chloride in Figure 3.8. Robertson (1964), in apply­
ing this theory, predicted a linear relationship between Eq and aQ , 
but his results for oriented polycarbonate were not linearly re­
lated. However, in manipulating the equations, he made the 
assumption of incompressibility. Since the results given by 
Raumann were actually measured, no such assumption has been made 
in evaluating the results in Figures 4.14 and Figures 4.15. It 
has already been shown in equation (4.30) that the yield stress
for shear parallel to the molecular alignment direction is related 
to the compliance sgg (sgg * S55 for transverse isotropy). The 
possibility of the two being related has been discussed earlier in 
this section.
Unfortunately no yield stress results are available for the 
polyethylene terephthalate for which Raumann measured the elastic
compliances, but the yielding behaviour, as predicted by the 
critical strain criterion in equation (4.26), is remarkably similar 
to that observed for polyvinyl chloride. Similarities exist in
the effect of \ and birefringence on 0 , in the relationship
o x
between tensile modulus and tensile yield stress, and in the 
existence of a minimum in s55 for polyethylene terephthalate and 
a predicted maximum in xXy for polyvinyl chloride, when these are 
considered as a function of birefringence (or extension ratio).
As far as deformation band directions are concerned, the 
critical strain criterion does not give the same results as the 
Hill modification of the von Mises criterion. Using equations
(4.13), (4.14) and (4.28) it can be shown that the band directions 
are given by
{ ° y y  B s 1 2  -  s 2 2 ) 2  +  ( s 2 2  “  s 2 3 ^ 2  +  ( s 2 3  “  s 1 2 > 21
+ °xx (sn  " Sl2) (2S!2 " S22 " tan2 (Xo + Y)
23
+ 6 ^ s 552 Txy tan (Ao + Y) + [2 axx(sn  - s12) 2
+ ° vv ( sl l  " s12> O s !2 -  »22 ~ s*3>] = 0 • (4 .3 2 )
yy 23
For an isotropic material this equation gives the same value for 
Y as that given by the Hill theory, namely Y =* 54.7°. However, 
although the Hill theory gives Y * 54.7 for anisotropic materials 
with * 0°, equation (4.32) shows that with A„ « 0°, the 
value of Y is affected by the anisotropy of the material through 
the variation of the elastic compliances. Similarly at X = 90° 
the Hill theory and equation (4.32) give different values of Y 
for anisotropic materials. The effect of using equation (4.32)
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to evaluate the band angles has not been investigated in any detail, 
but it may be that using the critical strain criterion would give 
a more satisfactory fit to results for Y 2 than does the Hill theory.
It seems likely that an internal stress term would still have to be 
included in the yield criterion since equation (4.28) cannot 
account for the observed asymmetry in the anisotropy of the shear 
yield stress which has been reported by Brown et al (1968a) and 
Bridle et al (1968).
One other aspect of the critical strain criterion is that it 
predicts that the yielding of anisotropic materials should be in­
fluenced by hydrostatic stresses. This seems reasonable since 
the application of a hydrostatic stress causes shear strains to 
be set up in elastically anisotropic material. This hydrostatic 
stress effect does not lead to a difference in yield stress in 
tension and compression. This will be discussed further in 
Section 4.6.
Since the critical strain criterion can predict the correct 
form for the yield stress variation, and also relates the yield 
stress to the modulus, it would seem more satisfactory than the 
Hill theory which was formulated in a quite arbitrary manner.
It would also be of considerable practical importance in that the 
yielding behaviour could be predicted on the basis of compliance 
measurements. Obviously the ultimate test of the critical strain 
criterion is to measure both yield stresses and compliances for 
the same material.
There is another possible approach for relating the yield 
stress to the modulus on the basis of the critical elastic distortional 
energy interpretation of the von Mises criterion. If the material
is incompressible9 it follows that yield will occur when
(4.33)
where e is the tensile strain in the direction of the applied 
A
tensile stress, a. 9 for a test piece having a particular value of 
A
A , and k is a constant. By substituting for e, in terms of o o A
and the tensile modulus, E , equation (4.33) becomes
A
(4.34)
Although both this and the critical strain criterion approach
were based on the critical elastic distortional energy interpretation
of the von Mises criterion, it should be realised that the elastic
et
energy criterion can only be expressed as a critical stiiin criterion
for isotropic materials. By substituting the expression for E^, 
as in equation (4.31), into equation (4.34)9 the following ex­
pression is obtained for the tensile yield stress:
Equation (4.12) can be written in a similar form and it is then 
possible to relate the Hill theory parameters to the elastic com­
pliances as follows:
(H + F) « kQ s22.
Although equation (4.35) is much simpler than that obtained using 
the critical strain criterion, it cannot account for the observed
a, * k fen cos1* A + (2s12 + see) sin2 A cos2 A A o 1-*-11 o 30 o o
(4.35)
2H = kQ sn ,
H = kQ (2s12 + s55), (4.36)
relationship between o and E shown in Figure 3.8. In Figure
A A
3.8 the dashed curve is the plot of equation (4.34). The dis­
crepancy between the proposed theory and experiment is clearly 
quite large.
Allison and Ward (1967) have pointed out that, although 
an experimental correlation exists between yield stress and modu­
lus, it does not necessarily imply that the two are directly related. 
However, the critical strain criterion discussed earlier shows how 
the two can be directly related. Since the yield stress was re­
lated to the elastic compliances, the anisotropy in the yield be­
haviour of oriented polymers can be related to molecular alignment 
indirectly by using a model which satisfactorily accounts for the 
elastic anisotropy of oriented polymers. In the model it is 
assumed that the polymer consists of identical anisotropic rod­
like units which have a range of spatial orientations. Each unit 
is considered to be transversly isotropic, five independant elastic 
constants specifying the elastic properties of the unit. The 
elastic constants of the bulk polymer are then derived in terms 
of the elastic constants of the units by suitable averaging pro­
cedures . In the unoriented polymer the units are random arranged 
and the bulk polymer is isotropic. In the limit of perfect mole­
cular alignment, the oriented polymer has elastic properties which 
are the same as those of the individual unit. This model has 
been used with some success to account for the mechanical pro­
perties of oriented polymers by Pinnock and Ward (1964) and Hadley,
Pinnock and Ward (1969). Since the model accounts for the elastic 
anisotropy of oriented polymers, it can also account indirectly for 
the yield stress anisotropy if the critical strain criterion is 
correct. This model will be discussed further in Chapter 6 with 
reference to optical anisotropy studies.
The yield stress anisotropy of oriented polymers may be 
accounted for more directly by using a similar aggregate model. 
Robertson and Joynson (1966) have proposed that a glassy polymer 
is not structureless but consists of a large number of grains.
Each grain consists of a region in which the polymer chains are 
aligned parallel to one another. No transverse order in the 
arrangement of the molecules exists. A similar structure has 
been suggested by Lebedev et al (1967) as a result of X-ray dif­
fraction studies. These grains can be considered as the basic 
unit of the aggregate model. It was also proposed by Robertson 
and Joynson (1966) that the deformtion of each grain could be 
described by five independant slip systems. These involve slip 
in directions parallel and perpendicular to the molecular chains 
and also kinking of molecular chains. Slip would be easier on 
some slip systems than on others. For instance, results for 
oriented polyethylene discussed earlier suggest that slip parallel 
to molecular chains is very much easier than other modes of de­
formation. It is assumed that for each slip system a critical 
shear stress is required to produce plastic deformation. If 
all of the grains were oriented in the same direction, the pro­
blem of predicting the variation of yield stress as a function of 
A^ would be simple since, for any particular value of Aq, yield 
would occur in all grains at the same applied stress and with the 
same deformation geometry. However, with a spread in orientat­
ions of the grains, different shear stresses would be acting on 
different slip systems in the various grains. Thus, some grains 
would yield at a lower applied stress than others, and individual 
grains would be prevented from deforming by the constraints of 
adjacent grains. Under such conditions it is difficult to specify
what state of yielding on a microscopic scale would constitute 
macroscopic yielding, particularly in determining what the tensile 
yield stress would be.
Similar attempts have been made to account for the yielding 
behaviour of polycrystalline metals in terms of the yielding be­
haviour of single crystals which constitute the metal. One of 
the first such attempts was made by Bishop and Hill (1951a) and 
(1951b). These latter authors discussed the yielding of iso­
tropic, face-centred cubic polycrystalline metals in which they 
assumed that each slip system of the individual grains required 
the same critical resolved shear stress, x, to produce yielding. 
They showed that the yield criterion obtained using this model was 
intermediate between that of Tresca and von Mises although ex­
perimental results for aluminium and copper were best fitted by 
the von Mises criterion. In particular, they predicted that the 
ratio of yifld stress in shear to that in tension should be 0.540. 
This compares with ratios of 0.500 and 0.577 predicted by the 
Tresca and von Mises criteria respectively. Further discussions 
of this theory have been given by Lin (1957) and Hutchinsion 
(1964a) and (1964b), who considered both face-centred cubic and 
body-centred cubic metals. Although Bishop (1954) has discussed 
the development of texture during the straining of face-centred 
cubic metals on the basis of an aggregate model, no attempt has 
been made to account for the yield stress anisotropy of metals 
having some texture. The theory used by Bishop and Hill (1951a 
and b) is rather complicated and, because insufficient time was 
available, no attempt was made to account for the yielding of 
oriented polymers in terms of an aggregate model. Nevertheless, 
it is thought that such an analysis would be worth attempting in 
the future.
4.5 Comparisons of toe Yield Behaviour of Oriented Polyethylene
Terephthalate and Oriented Polyethylene with that of Oriented 
Poiyvirryl Ch 1 ride
Duri.no the course of this investigation and after the submission 
of this work for publication (Rider and Hargreaves (1959)), Brown et 
al (1968a) and Bridle et al (1966) have published accounts of ex­
periments on the yielding behaviour of oriented polyethylene tere­
phthalate deformed in tension and in shear„ As discussed in 
Chapter 3, both the yield stress and deformation band results in 
tension were very like those for oriented polyvinyl chloride. In 
both of the above publications the authors found that yield be­
haviour could be accounted for by the Hill theory only if an in­
ternal stress term was included. The inclusion of the a term
xx
in the theory as discussed in this thesis was carried out inde­
pendently of the work of the above authors.
Detailed consideration will be given first to the work of 
Brown et al. The sheet that they used had been oriented by ex­
tension at room temperature to an extension ratio of 5.0 with its 
width held constant during extension. (The polyvinyl chloride 
sheet used here was laterally unconstrained and the contraction 
was isotropic.) Brown et al, too, applied Hills theory to their 
results but, because X-ray diffraction photographs showed that 
their material was not transversely isotropic about the molecular 
alignment direction, they did not assume G = H. They, too, found 
that better agreement between theory and experiment was achieved
by the inclusion cf a term corresponding to a , which they termed
xx
a.. However, in their case, the need for this additional term
i
only became apparent in the shear tests; their tensile data were 
satisfactorily fitted, both as regards yield stress and as regards
~ ZU s
the deformation hand directions, by nutting a , ~ a =0 ,  and* ' * '" l  xx *
the value of a „ which was taken to fit their shear data„ did
xx'
not significantly ffect the fit tc their tensile data. In 
view of the good fit of the Hill theory to the results for the 
yield stress and Yj for oriented polyvinyl chloride with G =j= K 
but with a = 0 as discussed in Section 4.4, it is not surprising
XX
that Brown et al also obtained a good fit with a =0, It isxx
apparent from Table 4.2 that the anisotropy of their material, 
as measured by the ratio ag/agg, was more pronounced than that 
of the polyvinyl chloride used here, while their internal stress 
expressed as a fraction cf was lower than that of any of 
the polyvinyl chloride. It is presumably also as a consequence
of the small values of a in relation to the anisotropy of the material
xx
that caused the inclusion of the internal stress in the yield 
criterion to have little effect on the fit of the theory to 
the tensile yield data. In an earlier publication, Brown and 
Ward (1968a) reported observations of type 2 bands (referred te­
as kinky bands by Brown and Ward) in oriented polyethylene tere- 
phthalate but Brown et al (1968a) have not compared the directions 
of these bands with those predicted by the Hill theory.
The results of Bridle et al, rather than those of Brown et 
al, are probably more suitable for comparison with the polyvinyl
chloride resultss since the polyethylene terephthalate was pre-
o «
pared by extension at 80 " C and a range of extension ratios up to
a maximum of 5.0 was obtained. These workers, too, fitted their
shear stress results to the Hill theory with an internal stress
term included (referred to as a bv Bridle et al), Bridle et al
o '
assumed that G ~ H, but did not justify this assumption. In 
fact, they state that X-ray diffraction evidence showed that there
was no rotational symmetry about the molecular alignment direction. 
From Table 4.2 it can be seen that although the anisotropy, as in­
dicated by o0/^90» °f their polyethylene terephthalate was more pro­
nounced than that of the polyvinyl chloride, the internal stress 
expressed as a ratio of oq and og0 was of the same order of 
magnitude as that of the polyvinyl chloride. Since the internal 
stress was comparatively large in relation to the yield stress at 
the higher extension ratios, its inclusion in the Hill theory 
significantly improved the fit of theory and experiment for the 
type 1 deformation band directions for polyethylene terephthalate. 
One exception to this was the 2.5 extension ratio, the results of 
which have been fitted by the present author using the technique
discussed in Section 4.3 and found to be best fitted by a * 0.
xx
This could presumably arise from incorrectly assuming that G » H.
As far as the variation of a and the Hill theory parameters arexx
concerned, they found that a increased and H decreased with in-XX
creasing extension ratio. This behaviour is similar to that of 
polyvinyl chloride. N, with the exception of the material of ex­
tension ratio 3.5, decreased with increasing extension ratio, but 
did not go through a minimum value, as was observed for polyvinyl 
chloride. The results for the third parameter, F, were rather more 
scattered and showed no definite trend.
It is also of interest to compare the results of Bridle et al 
and Brown et al for polyethylene terephthalate of extension ratio 
5.0. Despite differences in material preparation, the tensile 
yield stress results were in very good agreement. However, the 
anisotropy of the shear yield stress was more pronounced for the 
results of Bridle et al. It was as a consequence of the difference 
in shear stress results that the internal stress obtained by Bridle
-2
et al was much larger than that obtained by Brown et al (69 Mil n
—  2
as opposed to 12.5 MW m ). For polyvinyl chloride both a and 
a were shown to be approximately single valued functions of the
X X
birefringence but, although no birefringence results were presented, 
this cannot be so for oriented polyethylene terephthalate.
Assuming that the birefringences were approximately the same, then 
the difference in internal stress values could be accounted for by 
the difference in crystallinity reported for the two materials. 
Bridle et al reported that their material was initially amorphous, 
although some crystallinity developed during the hot stretching.
The polyethylene terephthalate used by Brown et al was reported 
to be of intermediate crystallinity for this polymer. In 
Section 4.3 the existence of an internal stress was accounted for 
by the tendency of the molecules to retract in order to minimise 
their entropy. However, in crystalline polymers the extended 
molecules in the crystalline regions are in a minimum energy state. 
In such cases the tendency of the molecules to be in a minimum 
entropy condition is outweighed by the minimum energy effect.
Thus the molecules no longer tend to retract in crystalline regions, 
and it might be expected that, for polyethylene terephthalate of 
higher crystallinity, the internal stress would be smaller, as was 
the case.
In Section 4.1, it was pointed out that Keller and Rider (1966) 
based their choice of the Coulomb criterion, equation (4.7), upon 
the similarities between deformation features in metal single 
crystals and oriented polyethylene, in that they looked for 
similarities in yield criteria. However, this arguement could 
be used equally well in selecting the Hill modification of the 
von Mises criterion as a suitable yield criterion, since
equation (4.10) applies to metal single crystals with all para­
meters, except N, equal to zero. In fact Rider (unpublished) 
has attempted to fit the results for oriented polyethylene to 
the Hill theory but experienced some difficulty in obtaining a 
good fit. However, he did not attempt to modify the Hill theory 
to include an internal stress.
Following the success in accounting for the tensile yield 
behaviour of oriented polyvinyl chloride by using the Hill theory 
as modified to include an internal stress effect. Rider (private 
communication) has attempted to fit the results presented by 
Keller and Rider (1966) to this criterion. It was apparent that 
this theory could be fitted to both yield stress and band direc­
tion results, but, unfortunately, because of lack of data at low 
values of XQ, a precise fit of the theory to these results could 
not be obtained. Nevertheless, sufficient results were obtained 
to make worthwhile comparisons with the results for oriented 
polyvinyl chloride, particularly with reference to the geometry 
of deformation results obtained by Hinton and Rider (1968).
In evaluating the deformation band directions, the plastic 
strain increments were obtained in terms of the Hill theory para­
meters and the applied tensile yield stress. The ratios of the
shear strain increment, de , to the tensile strain increments,* xys *
de and de are given by xx yy
de 2N sin X cos Xxy o o
dexx H(2 cos2 X - sin2 X ) o o
de 2N sin X cos X
EL a  --------------2------ 2-------  . (4.37)
de
yy [j H cos2 X + (H + F) sin2 X ~]
For present purpose the effect of the internal stress has been
ignored. At Xq * 0° and Xq *= 90°, it is apparent from equation
(4.37) that the ratios become equal to zero, i.e. de = 0 , andxy
there is no shear parallel to the molecular alignment. If the
Hill theory were applied to the yield stress results for a metal
single crystals, all of the parameters except N would be equal
to zero. Thus the strain increment ratios in equation (4.37)
become infinite i.e. deformation is by simple slip only. In
Table 4.3 the ratios of the strain increments are given for all
prior extension ratios at X^ - 45°. From these results it can
be seen that as far as the ratio de /de is concerned the de-xy yy
formation is not affected very much by changing the prior ex­
tension ratio. As far as the ratio of de /de is concerned,xy xx
the shear part of the deformation becomes more important. This
increase in de /de indicates that it becomes more difficult to xy xx
extend the material in the molecular alignment direction as the 
prior extension ratio increases. The increasing importance of 
the shear strain with increasing prior extension ratio is consistent 
with the results given in Chapter 3 for the deformation geometry of 
uniformly deformed test pieces. It was shown that, as the prior 
extension ratio increased, the deformation tended towards simple 
shear parallel to the molecular alignment direction.
Rider has fitted the results, for the variation of stress as 
a function of Xq? given by Hinton and Rider (1968) to the Hill 
theory, using the assumption that G * H. Since deformation band 
results were not available, these results could be fitted using 
a considerable range of values for the parameters. However, 
tfeesaessuifersm for very different values of a
XX
^Sdieate thdfcv although the parameters differ in magnitude for
the two values of a , N was always considerably larger than H
or F . Using these values of the parameters the plastic strain
oincrement ratios were calculated for X = 45 „ and these areo s
quoted in Table 4.4. It can be seen that the values of these 
ratios are considerably larger than those for oriented polyvinyl 
chloride. This would be agreement with the observation that 
the deformation of oriented polyethylene approximates much more 
closely to simple shear in the molecular alignment direction than 
does the deformation of oriented polyvinyl chloride. In their 
paper, Hinton and Rider (1968) attempted to account for the de­
viation of the molecular alignment direction from the grid of 
dots, and the change in distance between the dots, by using a 
shear reorientation model. In this they considered small in­
crements of shear and their effect on the reorientation of the 
molecular distribution. Their predicted results using this 
model deviated slightly from those actually measured (see 
Figure 10 of Hinton and Rider (1968)). Use of the Hill theory 
suggests that one should also consider increments in tensile as 
well as shear strains. This might improve the agreement be­
tween experimental and predicted results. It seems likely that 
the Hill theory would fit the results of Hinton and Rider (1968) 
better than does the Coulomb criterion.
4.6 Bauschinger Effect and the Influence of Hydrostatic Stress on 
Yielding
One consequence of the inclusion of an internal stress term in 
the yield criterion is that the material should exhibit a Bauschinger 
effect i.e. a difference in yield stresses in compression and ten­
sion. In fact for test pieces with X =0° equation (4.20) giveso
the value of yield stress in tension and compression as;
rj" l
where |a^ | and |oq | are the magnitudes of the yield stresses in
tension and compression respectively for test pieces with Aq = 0°.
i T i i c i
Equation (4.38) predicts that |aQ I > la0 I arK* Brown et al
(1968a) have obtained such results in experiments carried out on 
oriented polyethylene terephthalate. Similar results for oriented 
polyvinyl chloride have been obtained by Rawson (private communica­
tion) . A Bauschinger effect occurs not only for test pieces
having X 83 0° but also for most other values of X . In the° o o
particular case of Xq « 90°, the Bauschinger effect is such that
T 2Ka
kso I = Ia90CI ~ "(g irf)-- (4.39)
Since H, F and a were always positive (see Figure 4.12), equation
XX
(4.39) shows that the compressive yield stress should be larger in
magnitude than the tensile yield stress. This is the opposite of
• o •the situation at XQ 88 0 . No experimental results have been ob-
c Ttained to confirm that |agg | > (ago |. From the above dis­
cussion it is apparent that there must be some value of Xq at which 
there is no Bauschinger effect. The precise value of X^ at which 
this occurs would depend upon the relative magnitudes of H, F s N 
and a If a was zero in equation (4.20), the Bauschinger
XX XX
effect would disappear at all values of Xq.
For unoriented material a =0, and thus, the yield criterion
XX
i c { i TIin equation (4.20) predicts that |a | = |a |. However„ it has 
been shown experimentally by Bauwens (1967) that unoriented
polyvinyl chloride exhibits an asymmetry in yield stress such that
 ^1 >i' tj > |a, j. (The term Bauschinger effect is not used to de­
scribe this asymmetry since the Bauschinger effect is usually 
taken to be an asymmetry arising from pre-stressing of the material. 
The unoriented material would have undergone no such pre--stressing.) 
The failure of the yield criterion to account for this asymmetry 
arises from the fact that, in formulating the yield criterion, von 
Mises, and later Hill, assumed that yielding is unaffected by 
hydrostatic stresses. In fact Pas and Mears (1968) and Pae et al 
(1968) have shown that a compressive hydrostatic stress caused an
increase in the tensile yield stress cf polyethylene, poly­
propylene, and polytetrafluorethylene. Brown et al (1968a) have 
also presented evidence that yielding in polymers is affected by 
hydrostatic stress. It is presumed that this effect still occurs 
in oriented polymers, and must have been outweighed by the internal 
stress effect in the results for oriented polyethylene terephthalate 
and oriented polyvinyl chloride as mentioned earlier. In fact 
Rawson (private communication) has carried out experiments on 
oriented polyvinyl chloride in which Ja Cj -  i cy 1 j decreased as
, Ti i Ct
the extension ratio increased, until a > a when the in-
•o' ' o '
ternal stress effect outweighed the hydrostatic stress effect,
The following simple picture indicates how the effect of 
hydrostatic stress gives rise to an asymmetry in yield stresses 
in the unoriented material. A uniaxial stress can be resolved 
into a hydrostatic stress and two shear stresses. The hydrostatic 
stress gives rise to an elastic volume decrease in uniaxial com­
pression and an elastic volume increase in uniaxial tension. The 
volume change, AV, is given by?
P  - 2vhjav = m — - g o o  , c 4 * 4o)
*
c
where c is the uniaxial stress 9 taken posjtive in tension, E is 
Youngs modulus and v is Poisson's ratio. As discussed in Section 
4 .3 yielding occurs by the relative movement of molecular segments 
which is hindered by interaction between neighbouring segments.
In compression the elastic volume decrease causes the molecular 
segments to be closer together than they would be in tension when 
there is a volume increase. This closer packing increases the 
interaction between segments, and hence, a larger applied stress 
is required to overcome viscoelastic stresses opposing molecular 
movement. The opposite argument would apply for tensile de­
formation, and hence, the yield stress would be expected to be 
larger in compression than in tension. The yielding of metals 
is not affected to the same extent by hydrostatic stresses.
Whitney and Andrews (1967) have suggested that this is because 
glassy polymers yield at much higher stresses relative to their 
bulk moduli than do metals. Thus volume changes at yield would 
be much greater for polymers than for metals.
If it is assumed that the hydrostatic stresses have the effect 
of changing the free volume, hence making the relative movement 
of molecular segments easier or more difficult, the material can 
be considered to undergo either a softening or hardening. This 
can be represented by a contraction or expansion of the yield sur­
face in principal stress space, i.e. k2 in equation (4.8) is 
pressure dependant. Nadai (1950) has interpreted this pressure 
dependence by saying that the octahedral shearing stress at yield 
is a function of the normal stress acting on the octahedral plane. 
He suggested two possible modifications of the von Mises criterion. 
In one case the yield surface is a circular cone, the axis of 
which coincides with a\ - a2 * 03 and the criterion becomes
(ai - a2)2 + (cr2 ~ cr3)2 + (a3 - a*)2 =
9 (4.41)
where c and ci are given by
2J5" l°c llaT l
i >
where [a | and are the magnitudes of the yield stresses in
T c
uniaxial tension and uniaxial compression respectively. Another 
form suggested by Nadai is
Equation (4.42) is the equation of a parabola of revolution about 
ai = a2 ** o3. Schleicher (1926) has also discussed possible modi­
fications of yield criteria along the lines discussed above. He 
based his discussions on the Beltrami yield criterion. This 
criterion states that yield occurs when the total elastic energy 
stored in the material reaches a critical value. This is not 
the same as the physical interpretation of the von Mises criterion 
which is concerned only with the elastic energy associated with 
the change in shape of the material, and not the change in volume. 
In the case of an incompressible material the two criteria are 
equivalent. Schleicher effectively assumed that
oj + cr2 + cr3 = 3aj + 9a2 £(ai - a2 ) 2 + (a2 - a 3)2
+ (o3 - Oj)2] , (4.42)
where
A * f(aj + 02 * cj3 ) , (4.43)
where A is the total elastic energy stored at yield and f(0 * + o2 + ^3) 
is some function of the mean normal stress. By considering the re­
sults of von Karmen and B8ker (see Nadai (1950) Chapter 17) for 
compressive and torsional tests oil marble under the influence of a 
hydrostatic stress, Schleicher showed that these tests fitted 
equation (4.43) and gave the same form for f(oi + o2 + 0 3 ) .  When 
A was taken as the elastic energy associated with the change in 
shape only, a plot of f(0j + o2 + 03) for the above results showed 
rather more scatter that when consi:’...irinthe total elastic energy.
It is interesting that, whilst it is generally accepted that rock, 
and in particular marble, obeys a Coulomb criterion (see Jaeger (1962) 
p. 154), Schleicher showed that marble obeys a pressure dependant 
form of criterion, similar to that of von Mises.
With this in mind, an attempt has been made to see if the 
results of Bowden and Jukes (1968), which they fitted to a Coulomb 
criterion, could similarly be fitted to the pressure dependant 
von Mises criterion in equation (4.41), They applied a tensile 
stress, 02, to strips of polymethylmethacrylate and then applied a 
compressive stress, 0^(01 taken positive in tension), perpendicular 
to the plane of the strip, and at right angles to o2, by means of 
two anvils. In analysing the results they recognised that the 
frictional effects at the anvils would constrain the material, am! 
they made corrections for this effect on 0j. However, they ig­
nored any effects arising from the constraints due to such frictional 
effects on any strains at right angles to 0  ^ and 02. An additional 
constraining effect would arise from the fact that the adjacent 
material outside the compressive anvils would be under the action 
of a tensile stress only and would thus deform elastically in a
different way to the material under the anvils. If it is assumed 
these constraints caused the tensile elastic strai r at 
right angles to 0j and o2 to be zero, this would give rise to a 
third principal stress, o3, given by
0 3  - v(oi + o2) s (4,44)
where v is Poisson^s ratio. If v ® 0.5, and equation (4.44) is 
substituted in equation (4.41), the yield criterion becomes
01 ” 02 * c0(<*i * ~ 2cif3 . (4.45)
This gives a linear relationship between 0* and o2, which is exactly 
the result obtained by Bowden and Jukes. Thus, in this particular 
case the Coulomb and pressure dependent von Mises criterion have a 
similar form. For polymers v f 0.5, and hence, equation (4.45) is 
not strictly correct. However, if there are no constraints, 03 ** 0, 
and equation (4.41) gives an ellipse for the plot of 0* against 02.
In fact, over the stress range for which their material yielded, the 
linearly related results of Bowden and Jukes were fitted by the pre­
sent author quite closely by equation (4.41) with 03 *» 0. Thus, even 
if the material is not fully constrained and v f 0.5, the pressure 
dependent von Mises criterion would still be fitted quite closely 
to the yield stress results for polymethylmethacrylate. Since 
Bowden and Jukes (1968) have used similar experiments to show that 
polystyrene, amorphous polyethylene terephthalate and rigid 
polyvinyl chloride obey the Coulomb criterion, it seems likely that 
the yielding behaviour of these materials could also be described 
by the pressure dependent von Mises criterion.
The von Mises yield criterion, as originally forraulafc w!., along 
with the assumption of zero tensile strain parallel to V : bar. A. 
predicts that deformation bands formed in strip specimens of iso--
n
tropic material should be inclined at 54.7“ to the stress axis for 
both uniaxial tension and compression. However, Argon et al (1068)
have reported that, for polystyrene with a small amount of molecular
0 0
orientation, bands were observed to be formed at Y ~ 52" and 38' for 
uniaxial tensile and compressive deformation respectively. The 
stress axis was parallel to the molecular alignment direction. Al­
though no compressive tests have been carried out cn unoriented poly­
vinyl chloride, it is not unreasonable to assume that the deformation
Cbands i-7culd not be inclined at Y ~ 55 s particularly since the re­
sults for deformation bands in tensile deformation were very nearly 
the same for polystyrene and polyvinyl chloride. In view of this, 
the effect of hydrostatic stress in the yield criterion on the de­
formation band directions has been investigated.
The procedure used to evaluate the band directions was that used
by Nadai (1950) (p. 325) . Consider a strip test piece in which a
deformation band has formed, as shown in Figure 4.16. The direction 
of the applied stress, a, is indicated and the band is inclined at 
an angle, g, to a plane which is perpendicular tc the tensile axis.
The x and y axes are defined to be respectively parallel and per­
pendicular to the band direction in the plane of the sheet. The 
z-axis is perpendicular to the plane of the test piece. For plane 
stress the yield criterion in terms of the stress components measured 
relative to the Cartesian axes, becomes
a 2 - a a + a 2 + 3x 2 = I c (a + a ) - c-i] V.3 . (4.46)
x x y y xy *- o x y iJ
The plastic tensile strain, e^, parallel to the band direction is 
zero and for small strains is given by
ey = <f> (ay - ax/2) 23 0 9 (4.47)
where <J> is a constant (see Nadai (1950) equation (16.14). From
equation (4.47), it is apparent that 2a = a and equation (4.46)y x
becomes
3ax2 + 12 Txy2 = 4 bo 3ax /2 - Cl]2/3 • (4.48)
ax and are given in terms of a and 3 by
o = o cos2
X
x = o cos 3 s m  xy
( 4 .4 9 )
Substituting these values in equation (4.48) gives
a2(3 cos1* 3 + 1 2  cos2 3 sin2 3 - 3c 2 cos1* 3) + cr4 c c, cos:o o *
- 4cj2/3 * 0 . (4.50)
Solving this quadratic gives
,J ■» 2cj Q- c cos 3 + (4 - 3 cos2 3)^] |jL2 cos 3a.
3 cos3 3 (3 + c ^ f T 1 (4.51)
| a | == 2 c i [c cos 3 + (4  -  3 cos2 g )^ ] JjL2 cos 3
- 3 cos3 3 (3 + c^ ) ] " 1 (4.52)
If cq 8 0 , |ac | and |a^ ,| become equal and the same as the value 
given by the unmodified von Mises criterion. In order to find 
the value of 3 at which the band will form, it is necessary to find
the value of 3 for which | |  and |ac| are at a minimum, that is 
at which
d l °x l d l °c l
dB = 0 = dB ‘ (4.53)
In general, the value of 3 will be different in compression and 
tension. From equation (4.51) and (4.52)9 cos 3 must satisfy the 
following condition if d |a^ ,|/d3 = 0 and d |ac|/d3 - 0 :
cos1* 3 6 ( CQ2 + 3) + cos3 3 ( 4 - 3  cos2 3) 2 2cq ( cq 2 + 5)
- cos2 3 12(cq2 + 3) + 16 = 0 , (4.54)
cos1* 3 6 ( CQ2 + 3) - cos3 3 (4 - 3 cos2 3) 2cq ( cq2 + 5)
- cos2 3 12(c 2 + 3) + 16 = 0 . (4.55)o
Equation (4.54) applies for yielding in tension and equation (4.55)
applies to yielding in compression. If cq = 0, the two equations be-
(s 1
come the same and one of the roots za cos 8 - (2/3) , corresponding 
to the minimum value of a. This is the same result as that ob­
tained for the von Mises criterion (see Nadai (1950) p. 325) and 
gives Y to be 54.7°. Using the result that lacl/laT i 5:5 1«3 obtained
by Bauwens (1967) for unoriented polyvinyl chloride, and using the
—2result that « 60.7 MN m for the material used here, the follow­
ing results were obtained:
c = 0.266 and ci = 119 MN m ♦ (4.56)
o *
With these values of the constants, 3 was found to be 29.5° for 
tensile deformation and 40.5 for compressive deformation. The
corresponding values of Y are 60.5° and 49.5° for tension and com­
pression respectively. Thus the hydrostatic stress tern causes Y
o
to become larger than 55 in tension and to decrease in compression. 
The result, that Y ■ 55° for unoriented polyvinyl chloride, is not 
consistent with this effect of hydrostatic stress on the band 
direction. The results obtained by Argon et al (1968) are not 
consistent with this theory since the band direction in tension was 
52°, i.e. smaller than 55° rather than larger, but in compression 
was 38°, which deviates considerably from the value expected with 
no hydrostatic stress effect.
In using equation (4.45) to give the plastic strain, e , it 
was implicitly assumed that there was no plastic volume change, 
i.e. ex + ey + ez “ if» however, one writes equation (4.41)
in the form f(a..) » constant and apply equation <4.14) to evalu-
X j
ate the plastic strain increments, then a plastic volume change is
obtained. Dividing both sides of equation (4.41) by
fc (<j + a + a ) - ci] 2 givesu o x y z LJ °
(cr2 + a 2 + a 2 - 0  a - a a - o  o + 3 t  2 + 3t 2 + 3t 2)
x y z x y y z z x  xy zy zx
fc (0! + c2 + a3) - Cj] ' 2 = 1/3 . (4.57)
In the experiments discussed here, uniaxial tension or compression
only is used, and for an isotropic material the x-axis can be chosen
to coincide with the stress axis, in which case, o « a * t „ * t „y z xy zy
t * 0. Using this condition and equation (4.14) and (4.57) , 
the plastic strain increments are given by
de « (2a I c a - Ci I 2 - 2c a 2 fc a - cH 3) dA , xx x u o x u o x  ' - o x  lJ
de * de * (- a fc o - cil 2 - 2c a 2 I c a - cij 3)dA yy zz x o x o x  L-o X
(4.58)
The relative plastic volume change, dVp, is given by
dVP *» de + de + de = - 6c a  ^ |c a *- c-,1 dA . xx yy z 2 o x 1 o x
(A .59)
Using the values of cq and cj given in equation (4.56) for polyvinyl 
chloride, the following Values are obtained for the plastic strain 
increments at the tensile yield points
de * (0.107 + 0.014)dA = 0.121 dA , xx ’
de - de « (-0.054 + 0.014)dA * -0.040 dA , (4.60)zz yy ■ 9
dVp = + 0.042 dA .
In compression the plastic strain increments are
de = - (0.083 - 0.011) dA * - 0.072 dA , 
xx
<ieyy 55 + (0.042 + 0.011) dA = 0.053 dA , (4.61)
dVP = 0.033 dA .
One rather interesting feature of these results is that, in both 
tension and compression, a plastic volume increase is given. This 
is perhaps not surprising for tensile deformation, but it is unex­
pected for compressive deformation, for which there is an elastic 
volume decrease. There is, however, some evidence for a plastic 
volume increase during compressive deformation. Whitney and 
Andrews (1967) have measured such a plastic volume increase. They 
measured the strain in the direction of the applied stress, and also 
the plastic volume increase. The results for polyvinyl chloride, 
given in equation (4.61), give the volume change to be approximately 
45% of the strain in the direction of the applied stress, whereas
Whitney and Andrew;:- (1967) found this to range from 5% to 15% for a 
number of polymers, not including polyvinyl chloride. .■'..■ugh
the results predicted using equations (4.58) and (4.59) are somewhat 
larger than those actually measured, the above discussion does indicate 
the importance of allowing for the plastic volume change in evaluating 
the band angles.
The strain increments in equation (4.58) have been used in 
equation (4.13) to evaluate the band angle, Y. For polyvinyl 
chloride deformed in tension and compression, the values of Y were 
found to be 60.2° and 49.6"', respectively. These values are- almost 
identical with those obtained assuming no plastic volume change, 
but, since in this case a plastic volume change does occur, this 
agreement seems likely to be fortuitous. Since these values are 
the same, the same criticisms can be made about then, as before.
It seems likely that any modification of the von Mises criterion, 
which includes a hydrostatic stress term, is going, to cause the 
values of Y in tension and compression to be different and not 
equal to 55°. Thus it will be difficult to account for Y being 
equal to approximately 55^ for both polyvinyl chloride and poly­
styrene, no matter what approach is used. As far as the results 
for polystyrene are concerned, Argon et al (1968) successfully 
accounted for differences in both yield stresses and band directions 
for tensile and compressive deformation by using a Coulomb criterion.
In this section it has been shown that, for a number of polymers, 
yield stress results, which can be fitted to a Coulomb criterion, can 
also be fitted by a pressure dependent von Mises criterion. How­
ever, it does seem that the band direction results of Argon et al 
(1368) for polystyrene can only be fitted to the Coulomb criterion.
In order to determine which of the criteria is in fact correct, it
is apparent that further investigation should be carried out on the
yielding of unoriented polymers under the action of bi<?r’.-l or tri-
"€■
axial stress systems. If in fact the pressure dependent von Mises 
yield criterion is the correct one, it is also necessary to evaluate 
what form the pressure dependence should take. In addition, it 
would also be necessary to investigate and account for the directions 
of deformation bands formed in uniaxial tension and compression.
In order to extend the pressure dependant von Mises yield 
criterion to apply to anisotropic materials, modifications must be 
made as discussed in sections 4.2 and 4.3. The yield criterion 
then becomes:
H(a - a  - a )2 + F(a - a )2 + G(a - a + a )2xx xx yy yy zz zz xx xx
+ 2Lx 2 + 2Mt 2 + 2Nx 2 = 2 1 Co (a - a + a + a )yz zx xy t*z xx xx yy zz
~ l ] 2/3  . ( 4 . 6 2 )
The constant cj has been incorporated in the other constants in 
equation (4.6 2). Other than for the inclusion of a , the right-
XK
hand side of equation (4.62) has been assumed to be unaffected by 
anisotropy. If the critical strain criterion as given in equation 
(4.28) is considered, a similar modification for the effect of 
hydrostatic stress would have to be made. It would be interesting 
to see if the inclusion of pressure dependence in the Hill theory 
improves the fit of the theory to the measured values of Y2 .
4.7 Possible Modifications of the Coulomb Criterion
The Hill theory modification of the von Mises yield criterion 
was fitted quite accurately to the yield stress data for oriented
polyvinyl chloride. It was only as a consequence of its failure 
to account for the deformation band directions that a farther 
modification was made by including an internal stress tera. Similar­
ly the Coulomb criterion could be fitted to the yield stress data 
of oriented polyethylene but could not account for the band directions. 
However, instead of considering possible modifications of the Coulomb 
criterion for polyvinyl chloride,use has been made of the modified 
Hill theory as discussed in Section 4.5. In view of the considerable 
amount of evidence, discussed at the beginning of this Chapter and 
in the previous section, which indicated that unoriented polymers 
might yield according to the Coulomb criterion, it seems worthwhile 
considering possible modifications of this criterion.
fetfees
As discussed earlier, the Coulomb criterion the following
form,
t = S - yo (4.63)
o
where S and y are constants for the material, and x and a are the
o
shear and normal stresses respectively acting on the plane on which 
yield occurs. is usually referred to as the shear strength
of the material. By suitably altering the magnitudes of the 
stresses, for a particular stress system, yield can occur on any 
plane in the isotropic material. However, since they only con­
sidered the shear stress and normal stress acting on a particular 
plane, i.e. that containing the molecular alignment direction and 
the normal to which was in the plane of the strip test piece,
Keller and Rider (1966) implicitly assumed that failure would 
occur on that plane. This, indeed, was not the case since it was 
reported that the deformation bands were not parallel to the 
molecular alignment direction. Since failure could only occur 
on one plane, the shear strength in all other directions was
effectively considered to be infinite. An alternative approach 
is that of Jaeger (1960) who considers the case of an inotropic 
material containing a plane of weakness. It can then be shown that 
for some stress systems failure will take place in the plane of 
weakness. For other stress systems failure will take place in 
directions determined by the Coulomb theory for the isotropic 
material and these will intersect the plane of weakness. A second 
suggestion by Jaeger (1960) which seems more realistic for oriented 
polymers is that the shear strength is anisotropic. In particular, 
he assumed that, for rocks, the shear strength, S, in a plane in­
clined at an angle w to the plane of minimum shear strength, is 
given by
S * S - S cos 2u) , (4.64)
o l
where Sq and are constants characterising the anisotropy of
the material. Thus the shear strength varies between minimum and
maximum values of S - S, and S + S. at w = 0° and w =» 90° re-
o 1 c l
spectively. However, Brown et al (1968), Bridle et al (1968) and 
Robertson and Joynscn (1969) have shown that for a number of 
oriented polymers, minima in shear strength occur in directions
given by to - 0°, 90° and 180°, where w » 0° and to * 180° correspond
to the molecular alignment direction. Maxima in shear strength
O O •occur at a) = 45' and m = 135 . Thus equation (4.64)is not 
appropriate for describing the shear strength anisotropy of 
oriented polymers. At this stage one is not in a position 
to say what form the anisotropy should take and so for the pre­
sent it will be considered to be some arbitrary function, S(w) of 
U>.
The form of the criterion used by Keller and Rider (1966) for 
tensile tests is given by
where S and p are constants. For the anisotropic Coulomb 
criterion the equivalent equation is
a, sin Y cos Y + p a sin2 Y - S(X - Y) . (4.66)A A o
It should be realised that the shear and normal stresses are those 
acting on the plane of failure, i.e. in the deformation band di­
rection, hence the use of Y on the left-hand side of equation ( 4 .6 6 ) .  
From symmetry considerations it might be expected that S(io) *= S (- u>). 
If this is indeed the case, then it is easily shown that equation 
(4 .66) cannot satisfactorily account for the deformation behaviour 
of oriented polyethylene. In the particular case Aq * 45°, the 
maximum shear stress acts on the plane of minimum shear strength, 
i.e. the plane containing the molecular alignment direction. Thus, 
if it were not for the normal stress effect, failure would occur 
on this plane. Instead, failure will occur on some plane inclined 
at an angle to the molecular alignment direction. For two planes 
equally inclined at an angle u> on opposite sides of the molecular 
alignment direction, the shear stress on the plane and the shear 
strengths will be the same for each of the planes. Thus, it is 
the normal stress term which will determine on which side of the 
molecular alignment direction the deformation band will form.
It is apparent from equation (4.66) that yield will occur on the 
plane for which a s i n 2 Y is the larger. This will occur when
Y * A + a) as opposed to Y = A - m. Therefore, the deformation
o  1 r o  *
band will form such that Y > A^. However, Keller and Rider (1966) 
have shown that yield occurs such that A^ > Y, thus indicating 
that this criterion is still not appropriate. However, it is 
possible to modify the Coulomb criterion to include an internal
stress term as for the Hill theory. The diagrams iz. Tigure 4.17
indicate that such a modification would favour the fc : -ation of
deformation bands such that X > Y. For Y > X . as shown in
o o*
Figure 4.17(a), shear parallel to the band tends to extend the 
molecules and this is opposed by the internal stress. However, 
for > Y, Figure 4.17(b), shear parallel to the band tends to 
shorten the molecules, this being aided by the internal stress.
The effect of the internal stress has also been used by Brown et 
al (1968a) and Bridle et al (1968) to account for the inequality 
of the maximum shear strengths at oj = 45° and cd = 135°. The 
internal compressive stress can be included in the yield criterion 
by considering it to be a compressive stress, acting in the 
molecular alignment direction, which can be resolved into shear 
and normal stresses acting on the plane of failure. The yield 
criterion then becomes
x + a sin 0) cos w + y(a - a sin2 w) = S(w) . (4.67)
XX XX
For tensile tests equation (4.67) gives
a. sin Y cos Y + a sin (X - Y) cos (X - Y)
X xx o o
+ y|cr sin2 Y - a sin2 (X - Y) I = S(X - Y). (4.68)
A XX O O
At this stage no assumptions will be made concerning the form 
of the function S(oj) , but from symmetry considerations it may be 
reasonably assumed that S(m) = S(-rn). Any asymmetry in the shear 
yield stress as measured by Brown et al arises from the effect of 
the internal stress. The exact form of S(to) and the magnitudes 
of y and a could be evaluated from shear and tensile tests as 
carried out by Brown et al and Bridle et al.
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In using the angles Y and Xq in equation (4.68) is assumed
that yield will occur on a plane whose normal is in tli -'lane of 
the sheet test piece. Instead, yield could be considered to occur 
on any plane in the material. In order to account for the sym­
metrical thickness decrease in deformation bands discussed in 
Chapter 3, yield can be considered to occur on two planes, the 
normals of which are not in the plane of the sheet, but which are 
in mirror symmetry relative to the plane of the sheet. However, 
equation (4.68) will no longer be correct since Y will not be re­
lated to the direction and plane of failure, but will give the 
direction of the line of intersection of the failure plane and 
the plane of the sheet. Thus, Y could not be used in equation 
(4.68). In addition the shear strength would have to be evalua­
ted for all planes in the material.
In view of the difficulties discussed above no attempt has 
been made to fit equation (4.68) to the observed yielding behaviour 
of oriented polyvinyl chloride.
4.8 Concluding Remarks
In this section the important aspects of the results and dis­
cussions given in previous sections will be summarized, and sug­
gestions will be made for possible future lines of investigation.
The important results were as follows".
I. The tensile yield behaviour of oriented polyvinyl chloride, both 
as regards yield stresses and the directions of the deformation 
bands, was fitted by the Hill modification of the von Mises yield 
criterion, provided an internal stress was taken into account.
This internal stress acted in compression in the molecular align­
ment direction. Although the inclusion of the int2 1 .il stress 
term improved the fit between the measured deformation band 
directions and those predicted by the Hill theory, thera was still 
some discrepancy between predicted and measured values of Y2.
This discrepancy is considered to be of particular significance 
in view of the fact that, at yield, type 2 bands were observed 
to form before type 1 bands.
2. The existence of the internal stress has been accounted for 
by the tendency of the molecules to retract back to a random con­
figuration. The internal stress was set up by the extension
of the polymer at elevated temperatures, and was frozen into 
the material by cooling to below Tg at constant length under load. 
The results obtained are consistent with this model. The in­
ternal stress was uniquely related to the birefringence independ­
ent of the temperature at which the extension was carried out. 
Also, the internal stress, with one exception, was found to be 
equal, within the limits of experimental error, to the stress 
applied to the material during hot stretching. Comparison of 
the results of Brown et al (1968a) and Bridle et al (1968) sug­
gests that crystallinity might have an important effect on the 
magnitude of the internal stress.
3. The parameters in the Hill theory were found to vary as a 
function of prior extension ratio and birefringence in the 
manner shown in Figure 4.12. The variation of these parameters 
led to the prediction that the shear yield stress, t^ ,  for shear 
parallel to the molecular alignment direction should go through a 
maximum as the extension ratio increased.
4. It has been shown that the critical strain criterion, as 
discussed by Robertson (1964) has a number of pleas1 .3 features.
It can be applied to both isotropic and anisotropic ma rials 
without any fundamental alterations, such as the arbi: ry in­
clusion of constants. Use of the elastic compliances measured 
by Raumann (1963) for oriented polyethylene terephthalate has 
shown that the critical strain criterion can account for the ob­
served variation of yield stress as a function of both bire­
fringence and Aq. In addition, the theory gives the correct 
relationship between yield stress and modulus, and also predicts 
a maximum in the shear yield stress for shear parallel to the 
molecular alignment direction. The important practical applica­
tion of this theory is that the yielding behaviour can be 
predicted by measuring elastic compliances. In the case of
the Hill theory the parameters have to be evaluated by experi­
ments. Since the variation of elastic compliances as a function 
of birefringence can be predicted on the bcisis of an affine de­
formation model, the variation of yield stress can also be pre­
dicted indirectly through the variation of the compliances.
5. It has been suggested that the anisotropy of the yield 
stresses could be predicted more directly using an aggregate model 
similar to that which has been used by Bishop and Hill (1951a and b) 
to account for the yield behaviour of polycrystalline metals.
6. The difference in yield stress for unoriented polymers deformed 
in tension and compression can only be accounted for by the 
Coulomb criterion or a pressure dependent form of the von Mises 
criterion. It has been shown that the results of Bowden and Jukes 
(1968), which these authors fitted to a Coulomb criterion, can also
be accounted for by a pressure dependant form of the von Mises 
criterion. However, some difficulty has been experienced in 
attempting to account for the observed deformation oar'd direc­
tions using the pressure dependent von Mises criteria It 
has been shown how this criterion leads to the predicts n of a 
plastic volume increase for both compressive and tensile de­
formation. Such a plastic volume increase in compression has 
been measured by Whitney and Andrews (1967).
7. Finally, if unoriented polymers are found to obey a Coulomb 
criterion, a method has been discussed for extending this 
criterion to anisotropic materials. This form of the criterion 
is considered more suitable than that used by Keller and Rider 
(1966) and Hinton and Rider (1968).
In view of the results discussed above it is apparent that 
it is necessary to determine whether unoriented polymers yield 
according to a Coulomb or pressure dependent von Mises criterion. 
It is important to decide this before investigating the yielding 
of oriented polymers with the added complication of anisotropy.
The investigation will require the study of yielding under the 
action of biaxial and triaxial stress systems. If the polymers 
are found to yield according to a pressure dependent von Mises 
criterion, it will be necessary to determine the form of the pres­
sure dependence.
If the unoriented polymers are found to obey a Coulomb 
criterion, then the yielding of the oriented material should be 
accounted for in terms of the criterion discussed in Section 4.7.
If the pressure dependent form of the von Mises yield 
criterion is obeyed, it will be necessary to account for the
observe;! deformation band directions. In : artical -r „ do night 
be interesting tc investigate volume changes which >ecur
during plastic -Ic formation in tension or cotap res si; a
In extending the von Mises criterion to account , he 
yielding of oriented polymers, it would seem worthwhile investigating 
the relative merits of the Hill theory and the critical strain 
criterion. In using both of these criteria it would be necessary 
to modify them to include both internal stress and pressure de­
pendence. In investigating the critical strain criterion,, it would 
be essential to measure the elastic compliances of the material.
It would be particularly interesting if the directions of type 2 
bands could be accounted for using either of these criteria.
It was suggested earlier that the internal stress was a unique 
function of both birefringence and true stress during the original 
extension, for both stretching temperatures. This is to some 
extent inconsistent since molecular network theories predict that 
the true stress at a given birefringence should be different for 
different temperatures. (The birefringence in the molecular net­
work theories is that at the stretching temperature, whereas the 
birefringence referred to here is the residual birefringence 
measured at room temperature.) The inconsistency arises from
the large errors involved in determining a , Further investiga-
xx
tion into the relationship between a and both the birefringence
X X
and true stress during stretching would be c-f interest. The 
effect of other factors, such as crystailinity, would also be 
worth further study.
Although the yielding behaviour of oriented polyvinyl chloride 
has been satisfactorily accounted for using the Hill theory with 
an internal stress term included, the yielding behaviour, both as
regards the continuum mechanical approach and the molecnlar 
mechanisms, is hot well understood. There clearly remain many 
possibilities for further investigation into the yielding of 
polymers.
Table 4.1
Values of the Hill theory parameters H s F, and N eval­
uated from the yield stress results for Vybak of exten' 
sion ratio 3.3 using different values of aXX
i aXX
m  nf2
H x I0h 
*■mm N
F x I0h
mm N
N x 104
b ..-2mm N
0 0.30 3.14 3.67
4.9 0.33 3.06 3.74
9.8 0.36 2,94 3.82
14.7 0.39 2.79 3.90
19.6 0.42 2.60 3.98
24.5 0.46 2.36 4.04
29.4 0.51 2.07 4.11
34.3 0.56 1.71 4.18
Table 4.2
Values of stress ratios, a0/ago» a /ag5 and a /agoXX XX
for oriented polyvinyl chloride and oriented poly­
ethylene terephthalate of different extension ratios. 
The results for oriented polyethylene terephthalate 
are those of Bridle, Buckley, and Scanlan (1968) and 
Brown, Duckett and Ward (1968a).
Polyvinyl Chloride
Extension 00 aXX aXX
Ratio 090 00 090
1.0 1.0 -
2.0 1.4 0.06 0.08
3.3 2.4 0.23 0.55
3.7 2.8 0.27 0.8
Polyethylene Terephthalate
Extension
Ratio
00
ago
a
XX
00
—
a
XX
090
2.5 1.75 0.051 0.09
3.5 3.23 0.174 0.56
4.25 4.14 0.262 1.09
5.0 6.10 0.192 1.17
5.0* 6.04 0.036 0.22
^Results of Brown, Duckett and Ward (1968a).
Table 4.3
Values of the strain increment ratios for polyvinyl 
chloride of different extension ratios and for poly­
ethylene using different Values of a . The strainXX
increments were evaluated from the Hill theory para­
meters as discussed in the text.
Polyvinyl Chloride
Extension
Ratio
dexy
de
XX
dexy
de
yy
1.0 6.0 6.0
2.0 8.6 4.0
3.3 15.9 3.9
3.7 23.4 4.0
Polyethylene
a
XX
de
xy
dexy
Kg mm 2 deXX deyy
2.0 60 - 85
20 730 93
Figure H.l Graph showing the variation of nominal, yield stress as 
a function of X , as given hy equation (H.l) (con­
tinuous curves). The curves are fitted to the experi­
mental results at X = 90° and at one other value ofo
X , as discussed, in the text. The plotting symbols are 
experimental points, and the dashed curve is drawn 
smoothly through these.
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Figure k.2 Diagram showing co-ordinate axes x and y and the senses 
in which y and X were taken positive.
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Figure k.3' Graph comparing the fit of the Hill theory without a^x
(curve A), and with a (curve B) to nominal yield stress 
results for Vybak of extension ratio 3.3 prepared by 
extension at T1 °C.
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Figure h.h Graph comparing the predictions of the Hill theory 
.without ;a ~ (dashed' curve), and with a (continuous
■ , XX' • XX
curve), to the experimental results ('plotting symbols.) 
for hand angles in Vybak oriented by extension at 
71°C.
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out .a (dashed curve), and with a (continuous curve),
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r, • to the experimental results (plotting symbols) "Ifor band
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Figure ^.7 Graph showing how the assumption, that G ^ II, affects 
the fit of the Hill theory to the experimental results 
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Figure U.ll' Plots of a____ (plotting symbols) and true stress during
XX n
hot stretching (curves) vs. extension ratio for 
material originally extended at 71°C and 90°C.
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Figure U.12 Plots of the Hill theory parameters H (H = G), F, and 
N vs. (a) extension ratio and (h) birefringence.
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Figure The variation of tensile yield'stress with bire­
fringence for polyethylene terephthalate', as pre­
dicted using the critical strain criterion and the 
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Figure U.15 Graph showing the relationship between tensile
modulus and tensile yield stress for polyethylene 
terephthalate, as predicted using the critical 
strain criterion and the results of Raumann (1963).
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CHAPTER 5
Observations of Optical Anisotropy Charges During
Deformation
It was reported in Chapter 3 that changes in optical extinc­
tion direction and birefringence occurred when oriented polyvinyl 
chloride was plastically deformed. Some results for these optical 
anisotropy changes were presented in Chapter 3, but not in conjunc­
tion with accurate deformation measurements. It is intended in 
this Chapter to investigate more closely the effect of deformation 
on optical anisotropy by carrying out accurate measurements of both 
deformation geometry and optical anisotropy.
These measurements were in fact obtained from uniformly de­
formed and cold drawn test pieces, for which some deformation 
geometry results have been presented in Chapter 3. No measurements 
have been made on deformation bands since accurate measurements of 
strain and optical anisotropy were made difficult by the localised 
nature and non-uniformity of the bands.
Measurements of birefringence changes reported by other workers 
appear to be restricted to cases in which the material was initially 
unoriented. Such experiments have been carried out on polyethylene 
by Crawford and Kolsky (1951) and Raumann and Saunders (1961) and 
on polyethylene terephthalate by Pinnock and Ward (1964). Allison 
and Ward (1967) have also presented results for polyethylene tere­
phthalate which was oriented by extrusion and was then extended at 
room temperature in the original Aseaw direction. A study of changes 
in the optical extinction direction in deformation bands in oriented 
polyethylene terephthalate has been carried out by Brown, Duckett 
and Ward (1968b)•
5.1 Experimental Procedure
Details of experimental procedure have been presented in 
various sections of previous Chapters. However, for the sake of 
clarity in the following discussions, it is convenient to repeat 
briefly some of these details in this section.
The experimental work can be considered in two stages. In 
the first stage oriented polyvinyl chloride, in this case Vybak, 
was prepared by uniaxial hot stretching of strips of material at 
a temperature above the glass transition temperature. In order 
to obtain material of different degrees of molecular alignment 
for use in the second stage, these strips were extended to dif­
ferent extension ratios. In the second stage tensile test pieces 
were cut from the oriented material and were tested in uniaxial 
tension. These testpieces had a gauge length of 6 mm, width 1.5 ram, 
and thickness ranging from 0.5 mm to 0.13 mm. As reported in 
Section 3.1 such test pieces deformed uniformly when extended at 
1 mn min *, strain rate 0.17 min 1, and 50°C. Uniform deforma ­
tion was carried out on test pieces having values of Xq = 0°, 25°, 
45°, 56°, 64° and 90° and cut from material extended at 90°C in 
stage 1. For each particular value of Xq, several parallel test 
pieces were cut from the same strip, and each was then extended to 
a different extension ratio. Cold drawing in stage 2 was carried 
out at 1 mn min 1, strain rate 0.17 min"1, and at room temperature 
on test pieces having XQ = 26°, 45°, 54°, 58° and 66° cut from a 
strip of extension ratio 2.6 and Xq * 20°, 32°, 47° and 70° cut 
from a strip of extension ratio 2.0 • both strips were prepared by 
extension at 71°C. For comparison purposes test pieces were also 
cut from the unoriented material and tested, some at room tempera­
ture and some at 50°C. Owing to difficulty in extending large
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pieces of material at these temperatures, small test pie could 
not be cut from this material and so it was not used as starting 
material for the second stage.
For extension at 9QCC? 71°C and 50°C the E-type Tensometer 
was used with the environmental chamber in position. In extend­
ing the unoriented material at room temperature9 the E-type Tenso- 
meter was used without the environmental chamber. The small 
tensile machine, attached to the optical microscope, was used in 
cold drawing the oriented polyvinyl chloride at a strain rate of 
0.1$ min 1. Optical and strain measurements were made at room 
temperature after the test piece had been removed from the tensile 
machine. The material extended at elevated temperatures was cooled 
to below 30°C at constant length before removal from the machine.
As discussed in Chapter 2, the first stage strains were de­
termined by measuring the relative displacement of small numbers 
of widely spaced lines draw on the face of the strip, and by measur­
ing changes in the width and thickness of the strips. Strains in 
stage 2 were measured from grids of dots which were printed on the 
oriented strip as described in Chapter 2. The grids of dots were 
also used to measure strains in stage 1 for test pieces extended 
at 50°C and room temperature. The spacings between the dots and 
the angle between the sides of the parallelogram were measured from 
micrographs. Accuracies were ±1% for the spacings and ±1° for the 
angles. The extension ratio, , was used as a measure of the 
strain in stage 1, and the extension ratio, R^, given by equation 
(2.1), was used for stage 2.
Optical measurements were made with polarized light trans­
mitted through the test piece in the direction normal to its face,
us in;? the Zeiss polarising microscope fitted with the Ehringhaus 
compensator. The extinction position could he located with respect 
to a reference line on the face to an accuracy of 0.4°. The. ex­
tinction direction parallel to the direction of the larger of the 
two principal refractive indices in the plane of the sheet was 
indentified by locating the zero order fringe. For convenience 
this will be referred to as the major extinction direction. (It 
is assumed that, by the nature of the deformation9 one of the 
principal axes of the indieatrix was always perpendicular to the 
face of the test piece.) By measuring the retardation and also the 
thickness of the test piece, the birefringence was calculated. For 
material extended in stage 1 the birefringence was measured to ±2% 
for the strip with = 7.5. At smaller values of , this 
accuracy improved with decreasing . Measurements of birefring­
ence after 'deformation in stage 2 were less accurate because of 
some non-uniformity in the material. The estimated accuracies 
will be mentioned, where necessary, in the following text.
5.2 Results
5.2.1 First Stage. Extension of the Unoriented Material
It was found that during the extension, the major extinction 
direction was always parallel to the tensile direction, Oz, and 
the birefringence was positive and increased from zero as the 
extension ratio increased. The variations of birefringence as a 
function of extension ratio for extension at room temperature,
50°C, 71°C and SQJC are shown in Figure 5.1. All the plotting 
symbols are measured values except for the square plotting symbols 
in Figure 5.1. These symbols will be referred to in Section 5.3.2.
5.2.2 Second Stage. Unifora Deformation of Oriented Mat; ~ial
The appearance of the test piece before and after extension 
in stage 2 is shown in Figure 5.2. The square grid of dots was 
printed on the material prior to the second stage extension such 
that one side of the square was parallel to Oz, the major extinction 
direction after the stage 1 extension* and the other was parallel to 
Ox. These axes are indicated in Figure 5.2(a). Also marked are 
the direction of extension, Ot, which was parallel to the sides of 
the test piece, and the angle AQ , between Oz and the tensile axis.
After extension, the originally square grid of dots became 
a parallelogram. This is apparent from Figure 5.3(b) which shows 
the test piece in Figure 5.3(a) after it had been extended to an 
extension ratio, R^, of 1.76. Oz was still defined to be parallel 
to the line of dots to which it was parallel prior to deformation. 
Since this line of dots rotated during the extension, Oz was in­
clined at an angle 8 to the tensile axis, Ot, such that 8 ^ A.
The x-axis was defined to be in the plane of the dot pattern and 
still perpendicular to Oz. Since the original square deformed 
into a parallelogram, Ox was no longer parallel to the line of dots 
to which it was originally parallel prior to deformation. The 
major extinction direction, indicated by Oe, was no longer parallel 
to Oz after deformation but was inclined at an angle A to Ot such 
that A f 8.
Both the z-axis and the major extinction direction, Oe, ro­
tated towards the tensile axis, Ot, with increasing extension.
5**» X  o- w-ti
The extent of these changes of angle is shorn in Figures^5.4,|5 .5# 
Here, A, the angle between Ojft and Ot, and 8* the angle
between Oz and Ot, are plotted as a function of R , the extension
ratio measured in the tensile direction. Plots are given for
various values of X , and for various extension ratios, R , usedos z *
to orient the material in stage 1. (The symbol Rt is used only
for extension in stage 2, whereas R is used only for extensionsz
in stage 1.)
It can be seen that the major extinction direction always 
deviated from the z-direction such that X < 0. In the majority 
of cases the angle of deviation, a = £ - Xs increased as R^ in­
creased. These results are reproduced as plots of a against Rfc,
in Figure 3.37. An exception to this was at XQ - 45° for
Rz = 1.5, for which a increased up to a maximum value after which 
it decreased.
The influence of the orienting process, as represented by 
Rz, on the changes in the major extinction direction with Rfc
can be seen by comparing the behaviour of test pieces of different
o
R but with the same value of X . Both for X * 45 and forz o o
X = 64°, as R increased, the major extinction direction rotated
o * t
towards the tensile axis less rapidly with larger R^.
Not only did the value of R influence the change in X, but
z
so also did the value of X . This is best demonstrated by con-o
sidering the extreme case at XQ * 0° and Xq = 90°. The general
observations can be described quite simply. For X =0°, the zo
direction of the grid of dots and the major extinction direction 
were both initially parallel to the tensile axis and remained so 
during the subsequent extension. Thus,a remained constant and 
equal to zero. For X^ = 90°, the z-direction and the major ex­
tinction direction were both initially perpendicular to the tensile 
axis. As a result of the deformation, the z-direction remained
perpendicular to this axis but the major extinction direction be­
came parallel to the tensile axis. Thus, a attained its maximum 
possible value of 90 . The behaviour at intermediate values of
X is illustrated in Figure 5.5. o
Changes in the magnitude of the birefringence with extension 
ratio Rt are shown in Figures 5.6, 5.7 and 5.8. For this pur­
pose, the deformation of unoriented material at 50°C can be con­
sidered as deformation,in stage 2,of material of extension ratio 
1.0 prepared in stage 1, Birefringence results for XQ = 45° were 
not obtained since the test pieces were destroyed before bire­
fringence measurements were made. It can be seen that for larger
o ovalues of X , i.e. 56 and 64 9 there was an initial decrease in 
o* *
birefringence followed by an increase. At smaller angles, i.e.
Xq * 25° and 0°, the birefringence increased at all stages of the 
deformation. In the case where there was an initial decrease in 
birefringence, a larger value of R was needed for the large value 
of Rz in order to bring the birefringence back to its initial 
value, corresponding to a 1, as indicated by the broken lines 
in Figure 5.6. For test pieces at XQ * 0° and 25°s the bire­
fringence measurements were accurate to ±2%, or better. At 
Xq = 56° and 64°, the birefringence measurements were accurate 
to ±3% and ±4% respectively. The uncertainties were larger at 
larger values of Xq because there was a tendancy for cracks to 
open up at large values of Xq, causing some non-uniformity in the 
deformation.
5.2.3 Second Stage. Cold Drawing of the Oriented Polyvinyl Chloride
All directions and angles referred to in this section are de­
fined to be the same as in Section 5.2.2. As in the case of the
uniformly deformed test pieces, the extinction direction, Oe, 
and the z-axis rotated towards the tensile axis as a result of 
deformation. Again £ remained larger than X. Since the ex­
tension ratio, ib9 varied as a function of X , it is considered * t® o’
more suitable to plot the variation of X as a function of X .o
Such plots are shown in Figure 5.9; the values of can be 
obtained by consulting Figure 3.35. No test pieces with grid
of dots printed on them were used with values of XQ =* 0° and 
XQ * 90°. However, the experimental points at these values of 
XQ in Figure 5.9 were obtained from results for the cold draw 
test pieces discussed in Chapter 3. £ has not been plotted in
Figure 5.9 but it decreased from 90° at Xn - 90° to 0° at Xq = 0°, 
always remaining larger than X.
Birefringence measurements were also made and these results
are presented in Figure 5.10. It can be seen that the hire-
ofringence had a maximum at approximately 46 for R^ - 2.0, and
at approximately 35° for R - 2.6.z
5.3 Discussion
5.3.1 Qualitative Interpretation of Results
The following model of the structure of the polymer enables 
the results presented in Section 5.2 to be given a qualitative 
interpretation. If the material is considered to consist of a 
network structure of optically anisotropic units, the birefringence 
givesa qualitative measure of the degree to which these units are 
aligned. Thus, the unoriented material, in which the units are 
randomly aligned, has zero birefringence. It is as a consequence 
of the alignment of the units during extension that, in the stage 
1 extension, the birefringence increased monotonically with
increasing extension ratio, R . Since the stage 2 ex- ion wasz
carried out on material prepared in stage 1, the stage 2 deforma­
tion involved the realignment of a network which was already 
aligned to some extent.
Using the above model it is possible to qualitatively account 
for some of the results presented in Section 5.2.2 for the uni­
form deformation of oriented polyvinyl chloride in stage 2. For 
instance, if the angle XQ was small it might reasonably be ex­
pected that the degree of alignment of the units would be improved
by further extension. (This obviously must be so in the limiting
o ocase of X * 0 .) This was indeed the case, since, for X * 25 o o
and Aq - 0° in Figure 5.7, it can be seen that the birefringence
increased with increasing extension ratio, Rt. At larger values 
of X^, one might expect that the process of realignment into the 
new tensile direction would, in the early stages, produce a re­
duction of the degree of alignment, but that the degree of align­
ment would eventually increase again as the units in the network 
continued to turn towards the new tensile direction. It might also 
be expected in this case that the higher the original degree of
alignment (i.e. the greater R ) the material would have to bez
extended further (i.e. the greater Rfc) to regain the original
degree of alignment. This latter point is most easily visualised
by considering the simple case of XQ * 90°. In fact extension
at large angles to the original tensile direction caused the
birefringence first to fall and then to increase again, as shown
in Figure 5.8 for X^ * 56° and in Figure 5.6 for Xq « 64°.
Figure 5.6 also shows that with the higher degree of initial
alignment (R * 7.5 as against R * 2.9), a greater amount of z z
extension was needed in the second stage (Rfc == 2.4 as against
Rt * 1.6) to return to the initial value of birefringence, (i.e. 
the value at the end of stage 1).
Since the changes in optical anisotropy depend both upon the 
initial value of XQ and the extension ratio, Rfc, which was fixed 
by the natural draw ratio of the test piece, the results for the 
cold drawn test pieces are not easily discussed in terms of the 
above model.
As regards the observation that, on restretching the material 
the major extinction direction did not remain parallel to a grid 
line on the material to which it was originally parallel, there 
is no requirement apparent in the model that the two directions 
should remain parallel. There is a distribution of directions of 
the units of the network and the major extinction direction is 
determined by some averaging process. It is not to be expected 
that this averaging process will determine a direction which at 
all stages of the extension is parallel to the same grid line. 
Brown, Duckett and Ward (1968b) have made this point that there 
is not a unique molecular direction in their discussion of deforma 
tion bands in polyethylene terephthalate, in which they ob­
served deviations between extinction direction and reference line, 
these being parallel prior to deformation.
5.3.2 Optical Anisotropy and Strain History
In the same paper Brown, Duckett and Ward (1968b) put for­
ward the hypothesis, which has also been stated by Saunders (pri­
vate communication), that the state of optical anisotropy is a 
single-valued function of the state of strain, zero strain cor­
responding to the isotropic state. The principal axes of the 
indicatrix (Fresnel ellipsoid) will then have the same directions
as the principal axes of strain. The application of this hypothesis 
to the present results will now be considered.
The hypothesis has to do with the state of strain referred
to the unoriented material as the zero state of strain. However,
the square grid of dots used to measure strain in stage 2 was 
not printed on the material until it had already been strained to 
orient it. The first step, therefore, is to calculate what would 
be the pattern of dots which, if printed on the unoriented material, 
would, as a result of the extension applied in the first stage of 
the experiment, coincide with the square pattern actually printed.
Figures 5.11(a), (b) and (c) illustrate the situation re­
spectively; (a) when the material was unoriented; (b) after the 
material had been extended in the first stage, but before it had 
been extended in the second stage: (c) after the material had been
extended in the second stage. Figures 5.11(b) and (c) correspond 
with Figures 5.2(a) and (b). The positions of the dots in 
Figures 5.9(b) and (c) are the observed positions, but the positions 
of the dots in Figure 5.11(a) are inferred. It is evident from 
the results noted in Section 2.3 that the basis of the grid on the 
unoriented material, Figure 5.11(a), would have been a rectangle 
with sides along Ox and Oz of lengths ax and cx given by
ax * &2 1 and cx a C2 R 1, where » C£» the length of the
X z
sides of the square as printed (Figure 5.11(b)). Thus it follows
that
aj/cx * Rz Rx-1 . (5.1)
It was found experimentally that in the stage 1 extension Rx »
and R R R - 1. Thus R - R ~ * and x y z x z
2_
Rz * (al/ci)3 . (5 .2)
Now (aj/cj) can be calculated from observations made after the 
stage 2 extension9 that is in the situation shown in Figure 5.2(b) 
and Figure 5.11(c), in the following way. In these two figures Oe 
is the major extinction direction. However, it is a consequence 
of the hypothesis put forward above that this direction coincides 
with one of the principal axes of strain. It can be shown that
i
ai/cj * (a3/c3) (sin 2 cu cot 2 a - cos 2 aj)2 . (5.3)
Here a3 and c3 are the lengthsof the sides of the parallelogram of 
dots (Figure 5.11(c)) which in the unoriented state of the material 
was the rectangle of sides aj and Cj respectively* w is the angle 
between the sides of the'parallelogram, and a is the angle between 
the z-axis and the principal axis of strain identified with the 
major extinction direction. The derivation of equation (5.3) is 
straightforward (see Jaeger, 1962. The equation (5.3) is equation
19 on page 27 of Jaeger*s book with the following substitutions:
c3/cj for his a; (a3/ai) cos cu for his b; zero for his c;
(a3/ai) sin w for his d; I for his a*.).
All the quantities on the right hand side of equation (5.3) 
were measured so that ai/c* could be calculated and then sub­
stituted in equation (5.2) to give a calculated value of R^. If 
this hypothesis,that the optical anisotropy is a single-valued 
function of the state of strain,is correct, then the calculated 
value of Rz will be equal to the measured value. Furthermore,
for a given measured value of R , this agreement should be ob-z
tained irrespective of the extension ratio, Rfc, applied to the 
oriented material in stage 2 of this experiment.
These calculations were carried out for both the uniformly 
deformed and also cold drawn test pieces. The results for the
uniformly deformed test pieces are shown in Figure 5.12. Figure
1
5.12 shows a plot of 8^2 (calc.) against the measured extension
ratio for the second stage, Rfc, for a series of test pieces having
various valuesof R and A . The limits associated with each ex-z o
1
perimental point indicate the maximum possible error in R 2 (calc.)z
arising from errors in a 3, c3, w and a. Similar results are pre­
sented in Figure 5,13 for cold drawn test pieces. It can be seen 
that, contrary to the expectations based on the state-of-strain 
hypothesis, the calculated extension ratio was not constant.
In case this failure was due to the hypothesis not being valid
in the stage 2 extension, a value of R (calc.) was obtained by ex-z
trapolating to R * 1. This extrapolated value, R*, is compared c z
with the measured extension ratio, R , over a range of values inz
Figure 5.14. The expectation of equality between the two quantities
based on the hypothesis is not fulfilled, since the calculated values
of extension ratio are very much lower than the measured value.
For the material originally extended at 90°C the discrepancy
between R* and R is greater than that for material originally ex- z z
tended at 71°C,
The failure of the hypothesis to account for the results pre­
sented here is in contrast to its success in Brown, Duckett and 
Ward's analysis of deformation bands in polyethylene terephthalate.
It is thought that if the hypothesis fails to some extent in the 
second stage extension, as evidenced by the non-constancy of the 
calculated extension ratio shown in Figures 5.12 and 5.13, then 
this is allowed for by the extrapolation procedure. The reason
for the continued failure is apparent in Figure 5.1. This
figure shows that while the birefringence-extension ratio relationship 
was not very different at 50°C and at room temperature, it changed 
with increasing rapidity at higher temperatures. (This change may 
have been due to the increasing flexibility of the molecular chains
with rising temperature in the neighbourhood of T .) That is,
8
above 50°C the optical anisotropy-strain relationship became a 
rapidly varying function of temperature. However 9 in the calcu­
lation of R (calc.) it was implicitly assumed that the optical z
anisotropy-strain relationships for the extensions in stage 1 and 
stage 2 were the same although one extension was carried out at 90°C 
and the other at 50°C9 and in fact the relationships at these two 
temperatures were very different. This is the reason for the lack 
of agreement between the calculated and measured extension ratios 
for the stage 1 - stage 2 process.
From these considerations it can be postulated that R* is 
equal to the extension ratio that, if applied to the unoriented
ft. ir i Tvom .  t e * • , . e  v i f t 4, - r £
material^ would produce the same state of optical anisotropy as 
was actually produced by the corresponding measured extension ratio 
applied at 71°C and 90°C. This inference is supported by the ob­
servations. For when the measured birefringence for the first 
stage extension at 90°C and 71°C is plotted in Figure 5.1 using
the calculated value of extension ratio, R*9 rather than the
’ zs
measured value, Rz, (square plotting symbols) the results lie on 
or close to the curve for the measurements made in extending un­
oriented material at room temperature. Further comments will be 
made on these results in the light of results to be dscussed in 
the following Chapter.
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Figure 5*1 Graph showing the observed variation of birefringence
with extension ratio, R , for extension carried outz
at the temperatures shown*
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Figure 5.2. Optical micrograph of a test piece showing the grid 
of dots (a) as printed at the beginning of stage 2, 
and (b) after extension in stage 2 to extension ratio 
R = 1.76. Oz is parallel to the same line of dots 
before and after extension and Oz ’ is taken parallel 
to the major extinction direction (Oe). The tensile 
axis, Ot, was parallel to the edge of the test piece.
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Figure 5.3 Graphs showing the variation of. 3 and X with extension
Figure ratio R^ in the second stage extension at 5 0 °C. The
' Figure 5*5 results are for different values of R and X .—  --------  z o
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Figure 5 . 7  with extension ratio in the second stage extension
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Figure 5 . 8  at 50 C. The results are for different values of R  z
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Figure 5.9 Graphs showing the variation of X and birefringence 
Figure 5.10 respectively, with Xq after extension in second stage 
at 20°C. ,
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Figure $.11 Diagram illustrating the change in dimensions of
square forming the "basis of the grid of dots which 
was printed on the test piece prior to extension in 
stage 2. (For details see the text.)
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Figure 5*12 R^2 (calc) plotted against the,measured extension ■
ratio R ' for test'pieces extended at 50°C in stage 2.
R*2 is obtained by extrapolating to R =;1.,.
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Figure 5.13 R„2 (calc) plotted against the measured extension.ratio
for test pieces extended at 20 C in stage 2.
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Figure 5 *1^ - R* plotted against the measured extension ratio Rz
for stage 1 extension at 71°C and 90°C.
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CHAPTER 6
Optical Anisotropy in Oriented Polyvinyl Chloride
In the previous chapter, a model was used which enabled a qual­
itative interpretation to be obtained for the results of an ex­
perimental investigation into the changes in the optical aniso­
tropy of oriented polyvinyl chloride subjected to uniaxial tension. 
It is the object of the present chapter to use a more detailed 
form of this model in order to obtain a quantitative explanation 
of the observed behaviour. The model used will be one which 
was originally due to Kuhn and Grun (1942), and which has been 
used with some success by Ward and co-workers to account for the 
optical and mechanical anisotropy of some oriented polymers. It 
was applied to oriented polyethylene by Ward (1962),and to oriented 
polyethylene terephthalate by Pinnock and Ward (1964) and Ward 
(1967). Hennig (1967) has also used this model to account for 
the anisotropy in the thermal and mechanical properties of oriented 
polyvinyl chloride. The applications of this model so far 
published have been to the extension of an originally unoriented 
material, or to the extension in the original draw direction of a 
material already oriented by extrusion. In all of these applica­
tions, it was assumed that, during extension, the transverse con­
traction of the material perpendicular to the tensile axis was 
isotropic. This is not the case for the results presented in 
Chapter 5, and so, in the present chapter, the theory is de­
veloped so that it can be applied to cases where the transverse 
contraction is anisotropic. The theory has also been developed 
by Duckett, Richardson and Ward (unpublished) and applied to
deformation bands in oriented polyethylene terephthalate such as 
were described by Brown, Duckett, and Ward (1968b). Some of 
the results and discussion of this and the previous chapter have 
been reported elsewhere by Hargreaves and Rider (1969).
The following discussion is also of importance in any aggreg­
ate model which might be used to account for the yield stress 
anisotropy of oriented polymers as discussed in Section 4.4.
6.1 Theory
6.1.1 Outline of the Theory
Kuhn and Griin (1942) suggested two models in their paper, 
and it is the first of these which is adopted here in order to 
account for optical anisotropy changes during deformation at 
room temperature and 50°C. The material is considered to be 
an aggregate of rigid anisotropic uniaxial units, with each unit 
having transverse isotropy about its axis. The principal polari- 
zabilities are the same for all units and remain constant through­
out the deformation of the material. Throughout deformation the 
axis of the unit rotates so as to remain parallel to the line con­
necting a pair of points in the material, (affine deformation).
The polarizability of the material in a given direction is taken 
to be the sum of the components of polarizability in that direction 
arising from all the units. Because of the rotation of the units, 
the sum is a function of the deformation. The refractive index 
is calculated from the polarizability. Hence, the extinction 
directions and the birefringence can be found.
6.1.2 Optical Anisotropy Due to a Distribution of Units
The material as used was in the form of a strip. Rectangular
Cartesian axes Ox, Oy, and Oz are considered, such that Ox and 
Oz are parallel to the face of the strip, as in Figure 6.1.
The axis of a unit is denoted by Of;* and the polarizabilities 
of the unit are p^ parallel to 0£ and p£ in all directions per­
pendicular to 0£. The direction of 05 relative to Ox, Oy, and 
Oz is defined by the polar angles 8 and <f>, where 8 is the angle 
between Oz,and 0? and <{> is the angle between Oy and the projection 
of 0^ on the xy plane. The optical measurements were made with 
light transmitted parallel to Oy.
Let p_.j be the components of the polarizability tensor of 
the unit referred to the axes Ox, Oy and Oz, where i, j can be 
x, y or z. Then
2 2 2 
pxx 55 a n  P1 + a i2 p2 + ai3 P3 9
psz “ a3! 2 Pl + a322 P2 + 3332 Ps * (6,1)
pxz s & n  a31 ?1 + a i2 a32 P2 + a i3 &33 P3 9
where a^j are the direction cosines defining the direction of 05 
relative to Ox, Oy, and Oz. It can be shown that
an 2 + a^22 + a132 s  ^ » (6 .2)
and
a31 all + a32 a12 + a33 a13 83 0 >
(see Nye (L957) Chapter II). Using equations (6.1) and (6.2), and
the fact that p3 ■ p2, it can be shown that
pxx “ P2 + (P1 ~ P2) ailZ 9
pzz “ P2 + (P1 ~ P2) a3j2 9 (6,3)
pxz = (pi “ P2  ^ a n  a31 *
The direction cosines a. . are given in terms of 8 and <f> by
= sin 0 sin <J> ,
& 2 1  * cos 0 .
Thus equation (6.3) reduces to
xx
pzz
~ P2 + (Pi “ P2) sin2 0 sin2 <J> ,
e P2 + (Pi “ P2) cosZ 0 » (6.4)
P = (Pi ~ P2) cos 9 s n^ 9 s*-n xz
The polarizability due to all the units is found by averaging over 
the whole distribution. If this is done, equation (6.4) becomes
pxx s P2 + (Pi “ P2> sin2 9 sin2 4> 9
pzz 55 P2 + (pl “ P2) 'cos^ ~® »
P = (PI “ P2) c°s sin 0 s m  <p , xz
where the bar over the angular functions indicates that they should 
be averaged over the whole distribution.
Consider rectangular Cartesian axes 0xf, Oz*, and Oy* such
that Oz* and Ox* are in the xz plane and Oz* makes an angle y
with Oz* Then the polarizability p* along Oz* due to the unitszz
is given by
p* = p sin2 y + 2p sin y cos y + p ~ cos2 y . (6 .6) *zz *xx rxz ' *zz 4
The maximum and minimum polarizabilities in the xz plane, and
dpi*the directions m  which they occur, are found by setting — — — ® 0 .
3y
This gives
2 —
tan 2 ym = -----—  (6.7)
P “ P *zz 1 XX
and for the differences between maximum and minimum polarizabilities,
Ap* ,*zz 9
2 r  12 -i J
Ap' rzz [ k z  - Pxx] + 4 { px J  ] • (6-8)
It is assumed by the nature of the deformation that one of 
the principal axes of polarizability will always be perpendicular 
to the wide face of the specimen, and therefore will be parallel 
to Oy, Equation (6.7), therefore, gives the directions of the 
other two principal axes of polarizability, and these are the ob­
served extinction directions, since the observations were made 
with the light travelling parallel to Oy. From equations (6.7) 
and (6.5) it follows that
For an isotropic material the refractive index is given in terms 
of the polarisability per unit volume, p, by the Lorentz-Lorenz 
equations
For an anisotropic material with principal polarizabilities pi and 
P2 (not to be confused with the polarizability of the units re­
ferred to earlier), the Lorentz-Lorenz equation gives the follow­
ing relationship between the difference in principal refractive 
indices, An, and the difference in polarizabilities, Ap,
(in e.g.s. units), where N is the number of units per unit volume.o
From equations (6 .8) and (6.5) the differences in principal polar­
izabilities in the zx plane is given by
. 0 „ 2 sin 0 cos 0 sin <}>tan z Y = --------- — — — — - (6.9)m
cos2 0 - sin2 0 sin2 $
(n2 - 1) (n2 + 2) 1 = -y p (6.10)
(ni2 - 1) (n22 - 1)
(ni2 + 2) (n22 + 2)
(6.11)
(see Treloar (1946))
It can then be shown that
An - -q* N -------------
° (nx + n2)
4^ (nl2 + 2)(n22 + 2)
Ap (6.12)
Therefore
An =* An zx max
where
+ 4 (sin 0 cos 0 sin $ ) 2
2"No (n2 + 2 ) 2
(cos2 0 - sin2 0 sin2 <f>)2
(6.14)
An * ^  (Pl - P2) , (6.15)max y n 1 c *
and n has been put in place of nj and n2 in equation (6.11). This
latter approximation is justified if the difference between nj and
ti2 is small. Thus the birefringence, as measured using light
transmitted perpendicular to the sheet, is given in terms of Anmax
and the averaged angular functions. In the case of perfect mole­
cular alignment, when all the units are parallel, the birefringence
would be equal to Anmax
Using a similar approach to that above Pyy was found to be 
given by
Pyy “ P2 + Cpi - P2) sin 0 cos2 $ . (6.16)
Thus from equations (6.5), (6 .6) and (6 .12) , in the particular case
of y - 0°, the birefringence measured using light transmitted 
along Ox is given by
An = An zy max cos2 0 - sin 8 cos2 v> (6.17)
Use will be made of this and the other results at a later stage in 
this chapter.
6.1.3 Evaluation of the Distribution of Units
The bars over the angular functions in Section 6.1.2 signify 
that these quantities must be averaged. For this purpose the 
distribution function, p(0,4>) for the directions of the axes of 
the units, 0£, must be known. Here, p(0,$) is the fractional
number of units per unit solid angle having polar angles 0 and 
<■>, so that the fraction of units whose polar angles lie between 
0 and 0 + d0 5 and <$> and <?> + d<-> is p(0,<*») sin 0 do d<j), and
where f(0 ,$) denotes the angular functions in equations(6.9),
(6.14) and (6.17).
Kuhn and Griin (1942) and Ward (1962) assumed transverse 
isotropy of the material about the z-axis. In such a case 
p(0 ,<*>) is a function of 0 only, so that sin 0 cos 0 sin cj> - 0 
and sin2 0 sin2 <}> *= J sin2 0. The angle y then has the values 
0° and 90°, and the expression for the birefringence as a function 
of 0 becomes identical with that of Kuhn and Grun and of Ward.
In this theory deformation affects the extinction directions 
and birefringence through the distribution function p(0,<>). The 
relationship between the distribution functions before and after 
deformation is
P2(®2 >4*2^  s*-n ®2 ^®2 ^$2 ~ Pl(®lj$l) sin ^$1 »
(6.20)
where the suffixes 1 and 2 refer to the states before and after 
deformation. That is, all the units whose axes lay between 
01 and 0j + d0i and $i and cf>i + d<{>i before deformation, lie 
between 02 and 02 + d©2 and $2 and 62 + d$2 after deformation. 
From equation (6.18) it follows that
[2ir rTT
I p(0 ,<J>) sin 0 d 0 dcf> - 1 
0 0
The angular functions are averaged thus;
(6.18)
(6.19)
0 0
P2^2»<>2) Pl(0l»^l) (sin Gj/sin 02) J12 > (6.21)
where J12 is the Jacobian; 
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The assumption of affine deformation allows the relationships between 
Ql, ^  5 02 and 02 to be determined from measurements made on the 
lines or grid of dots printed on the specimens. If, therefore, 
the distribution function is known at some stage of the deforma­
tion, it can be calculated at other stages, and hence, the optical 
properties can be calculated. The determination of the bire­
fringence also requires a knowledge of the quantity An^  .
Provided that the deformation geometry is measured relative 
to the unoriented state, the distribution function in the deformed 
state can be found from equation (6 .21); for, if the suffix 1 
refers to the unoriented state, then pi is independant of and 
01, and, as equation (6.18) shows, takes the value 1/4tt. It 
follows that the distribution function p2, and hence the optical 
anisotropy in the deformed state, are single valued functions of 
the state of strain, zero strain corresponding to the unoriented 
state. This is the hypothesis adopted in Chapter 5.
Suppose that the unoriented material is now extended in the 
direction of the z-axis (Figure 6.1) but in such a way that the 
contraction perpendicular to z is not isotropic, although the axes 
Ox, Oy and Oz are the principal axes of strain. The distribution 
function after such an extension, p2(G2 *$2)» can be found as follows. 
Consider that before extension a line is drawn in the material from 
the origin 0 to the point (x^, y^, zj), Using the same system of
p o l a r  a n g l e s  as f or the u n i t  a x i s  0 £ s the a n g l e s  a n d  ;)i for 
this l i n e  a r e  g i v e n  by
2 - 9,1>1 ■ + yr)
t a n  v ] =  —  —  _ (60 22)
X 1
tan 6-1 = —  . (6.23)
‘ yi
After extension the coordinates of the point become (x2 ;y 2 yz2) 3nr- 
the polar angles of the line become G2 and 6 2 * dhe relations 
between these coordinates and angles are those of equations (6 .2 2 ) 
and (6.23) with suffix 2 substituted for suffix 1. The relations 
between x2s y2s z2 ? and xl > Yl» zls can written simply;
x 2 = -x X1 »
y2 15 Ry y 1 » (6 .2 4 )
z 9 K z 1
z
where R k „ and R are the principalextension ratios, since x.x' y * z ~ ■
y and z axes are principal axes of strain. From equations (6,22)s 
(6.23) and (6.24) it follows that
|
tan 0]_ ~ (R^/Rt ) [cos2 y2 + (3.,,/R, ) 2 sin2 6 2 ] “tan G2 9 (6.25)
j y x
and
tan 6 1 * (11 /R ) tan P2 • (6.26)
A y x *-
Because of the assumption of affine deformations equations (6.25)
and (6.26) can be taken to apply also to the polar angles of the
units. By using these relationships in conjunction with equation
(6 .2 1 ) and by putting p ^Oi^i) ~ 1/(4tt) , it can be shown that
4ir | R ?-ll 2cos202+R 2sin202 (R 2cos262 +R 2sin262)l 2I, x y s  ^ x y
(6.27)
The quantities R , d rS and can be obtained by measurement on the 
x  y z
materials thus p2(02»^2) 3S determined.
Substitution in equations (6•19), (6.9), and (6.14) now allow
Y and An /An to be evaluated.'m zx max
It is pointed out that it is not necessary in all cases to 
refer deformation to the unoriented state; indeed in some cases 
this would be impossible if an arbitrary form of distribution is 
chosen for Pi(Qi,$i) irrespective of the previous deformation 
history. Provided pi (0i*4>i) is known, it is of no consequence 
whether it refers to an oriented or an unoriented state.
P2(®2*$2) can b e found from equation (6.21) if the deformation in 
state 2 is measured relative to state 1 .
Alternative Procedure for Averaging Angular Functions
As discussed in Section 6.1.3, the angular functions after 
deformation are averaged thus:
  2tt [tt
^2 ^  2 *^2  ^ “ I ^2^2*$2^  P2^®2>1*,2  ^ ®2 ^ 2  d<*>2 •
0 0
(6.28)
In order to evaluate f2(G2>^2^ ^  *-s necessary to determine p2(02s$2)> 
the distribution after deformation. This can, however, be avoided
by rex*7riting equation (6.28) in terms of P i ( 0 j ) using equation
(6 .20) to give
' r2n rir
f 2 ( 0 2 , ^ 2 ) = I J ^ 2 ^ 2  ?^2^ P l ( O l s ^ l )  s i n  Gj dQj d<J>j
0 0
(6.29)
In order to evaluate the integral, f2(825^2) must be expressed in 
terms of 0* and $1. This is possible since 02 and c-)2 are related 
to 0^  and through the geometry of deformation. Equation (6.29) 
can be rewritten in the form
2it IT
^2^2»<i>2^ ~ Pi (Ol >$l) Sln $1 dOi dcj>ii
o o
(6.30)
This form of the equation is more convenient since the transformation 
of Pi(Oi9<f»i) to P2(^2*$2) terms of the deformation geometry is 
often complicated and would have to be repeated for each particular 
form of Pi (01 9<J> 1) chosen to describe the initial distribution of units 
On the other hand, the transformation of f2(0 2^ 2) t0 ^2^1 s al” 
though complicated, is the same no matter what form is chosen for 
Pl(01,<J>l) and provided the deformation is always described in the 
same way*
6.2 Application of the Theory to the Experimental Results
6.2.1 First Stage of Experiment
In the first stage of the experiment the polyvinyl chloride
was initially unoriented. The tensile direction is taken to be
along Oz. Measurements showed that R = R and R R R - 1.x y x y z
-  hThus R = R = R 2. These are the conditions assumed by Kuhn x y z J
and Grlln (1942) and substitution for Rx and R^ in equation (6.27) 
shows that it reduces to their result, namely
R 3
P2^e2»^2) “ ---------------------      • (6.31)
3
4tt cos2 62 + R 3 sin2 Go * z ^
2
This is the distribution function at the end of stage 1. Sub­
stitution in equations (6.19) and (6.9) gives y^ * 0° and 90° 
as was found experimentally. Substitution in equation (6.14) 
gives the birefringence:
An = An F(R ) , (6.32a)zx max z ’
where
2R 3 + 1 3 R 3 arctan (R 3 ~ 1)^
F(R ) = ---2------ - ---5-----------2_------ . (6.32b)
Z 2(R 3 - 1) |
Z 2(R 3 - 1)z
This is the expression found by Kuhn and Grun (1942) and Ward (1962).
Even without a knowledge of An it is possible to test this 
expression by plotting measured values of An against the cor-ZX
responding values of F(R ) calculated from the measured extensionz
ratio, R . The graph should give a straight line through the z
origin. ^nmax wou^  then be obtained from the slope. Figure 6.2 
shows the results of plotting this graph for material which was 
extended at room temperature, 50°CS 71°C and 90°C. Only the 
material extended at 71°C and 90°C was used in the second stage 
deformation. All the plotted points except those denoted by 
square plotting symbols are directly measured values. The 
square plotting symbols are plots of An againstFjR*^ , which was 
evaluated using the extrapolating procedure discussed in Section 
5.3.2. The data in Figure 6.2 are those presented in Figure
5.1. Some of the results in Figure 5.1 for material of large 
values of R , prepared at 71°C and 90°CS have not been included 
in Figure 6.2, in order that a suitable scale could be chosen to 
show up the curvature in the plot for material extended at 50°C.
The reason for the absence of measured values at small 
birefringences for room temperature deformation is that, under 
the conditions of the experiment, the material necked abruptly. 
Considering the experimental results alone, it cannot be said 
that the room temperature plot is linear. However, additional 
evidence for a linear plot is obtained from the square plotting 
symbols. Also, study of the curves for other temperatures shows 
that, as the temperature decreases, the plot becomes more nearly
linear. Thuss since the plot for material extended at 50°C is 
very nearly linear, it is reasonable to assume that the plot for
material extended at room temperature is linear. The slope of
- 3
the line ::;evcs An = 7.2 x 10 . It may be noted that the plot
max
is non linear at 5CcC, 71°C and 9CTC so that the data for these 
temperatures cannot be fitted simply by choosing a different value 
of An
max
It appears that the theory is adequate for deformation carried 
out at room temperature;, and can therefore be applied to the material 
cold drawn at room temperature in the stage 2 deformation. It is 
also considered that the theory applies tc deformation at 50°C, 
but. because of relaxation effectss the birefringence developed 
during extension is les s than that which would be predicted by the 
theory. Tim discrepancy between the theory and experiment for 
material deformed at 50 C was not large., and S' it is considered 
reasonable to apply the theory to the material uniformly deformed 
at 50'JC in stage 2.
It is interesting to note that Hennig (1967) has applied the 
Kuhn and Grim rigid unit theory to the properties of linear 
thermal expansion, linear isothermal compressibility,,and thermal 
conductivity in polyvinyl chloride which had been stretched to 
different extension ratios in the temperature range 90^C-j-120''C 
and then cooled to room temperature. He found that all three 
properties were well fitted by equations (6.32a) and (6,32b), 
where An now stands for the differences in property measured 
parallel and perpendicular to the extension direction. It is 
not known why the theory applied at hi pher temperatures in Hennii’s 
case and not in the present one.
It might be thought that the reason for the discrepancy
o obetween the theory and the experimental results for 71 C and 90 C 
in the present case is that at these temperatures the Kuhn and 
Grun rigid unit model is not appropriate, and that their second 
model ought to be adopted. In this second model the polymer 
was considered to consist of a network of chains connected to­
gether at cross-link points. Each network fchain, i.e. that
portion of the molecule between two cros^-link points, is con­
sidered to contain a number of freely jointed rigid units, which 
are anisotropic. According to this second model it is the cross­
link points which deform affinely and not the units. The dis­
tribution of the units is then found by statistical means. Roe 
and Krigbaum (1964) have shown that for low extension ratios the 
distribution function is given by
p ( M )  * *5“ + (3 cos2 0 - 1 )  (Rz 2 - ~ )  , (6.33)
' z
where N is the number of random links per network chain. Equation
(6.33) is not a function of <|> since in extending the unoriented 
material the deformation was assumed to be transversely isotropic. 
This theory also predicts the following relationship between the 
birefringence and extension ratio,
An .
An « — {r 2 - — } , (6.34)
zx 5N 1 z R Jz
where An is the birefringence of the rigid unit. The unit inmax '
this model is not necessarily the same as the rigid unit discussed
with reference to the first model. However, it could be assumed
that the value of An should be the same for each unit. Formax
instance, in the second model the rigid unit would consist of a 
length of molecular chain. Similarly the unit of the first 
model could be considered as a length of molecular chain or a
region in which lengths of polymer chain are parallel. The ex­
istence of such structural units in glassy polymers has been sug­
gested by Robertson and Joynson (1963) and Lebedev et al (1967).
The optical anisotropy due to a region in which lengths of mole­
cular chain are parallel would be the same as the optical anisotropy 
due to the individual chains, as suggested in deriving equation
(6.14). Ward (1967) in considering the two models assumed that
An was the same in each case. It is assumed, therefore, max *
-3 .
that An is equal to 7.2 x 10 m  the present case, max ^
One drawback with equation (6.34) is that it gives a curve 
which is convex to the extension ratio axis, the birefringence 
increasing more rapidly as the extension ratio, Rz, increases 
(see Treloar, 1958, p. 208, Figure 10.2, curve e). In contrast, 
the measured birefringence curves for polyvinyl chloride are con­
cave to the extension ratio axis, tending towards a constant value 
as the extension ratio increases. Stein and Norris (1956) have 
shown that the theoretical birefringence can be made to reach 
a maximum value by modifying the theory to allow for the limited
extensibility of the chains. The chains became fully extended
l . .
when Rz - N . Stein and Norris assumed that the birefringence
curve remained convex to the extension ratio axis. The theory 
was further modified in such a way as to produce a curve concave 
to the extension ratio axis. The modification consisted of 
assuming that the network chains were not all of the same length 
but that there was a distribution of chain lengths, different 
chains becoming fully extended at different extension ratios.
This approach is rather complicated and necessitates the assump­
tion of some chain length distribution. It is not considered, 
therefore, that this approach is suitable for the present analysis.
The concave nature of birefringence against extension ratio 
curve can also be accounted for by relaxation effects. At the 
same time as they are being extended the molecules also tend to 
relax back to a random configuration. Thus, the birefringence 
would be less than that expected by an affine deformation model.
This relaxation effect would also mean that when held at constant 
length at the stretching temperature, the birefringence in the 
strip would gradually decay with time. However, both Utsuo and 
Stein (1967) and Shindo, Read and Stein (1968) have found that the 
change of birefringence with time was negligible for material ex­
tended at 60°C and 80°C. On the basis of this evidence it is 
also assumed that relaxation effects are negligible for the polyvinyl 
chloride used here.
Another factor which might effect the birefringence vs. ex­
tension ratio curve is that the cross-linking of the network con­
sists of physical entanglements which may undergo changes as a 
result of the deformation. It might be expected that such changes 
in cross-linking would occur as the molecules reached their maximum 
extension. An approximate method of evaluating the decrease in 
cross-linking, which is equivalent to an increase in N in equations
(6.33) and (6.34), is to fit the measured value of An and to
-3
equation (6.34) with An * 7.2 x 10 , and hence evaluate N.max
Such results are reproduced in Table 6.1 for material of different
extension ratios obtained by extension at 71°C and 90°C. Also
evaluated is which can be seen to be close in value to R . This
z
would be consistent with the cross-links being broken as the chains 
tend towards their maximum extensibility.
Bowden and Raha (private communication) have analysed the 
birefringence changes during extension of polystyrene on the
basis of a model in which cross-links are destroyed during ex­
tension. Although not using exactly the same equation, Bowden 
and Raha found that the birefringence is related to the extension 
ratio by
An
An imax 1
5  ( V - i r )  • (6-35>Nq exp |k(Rz - 1)|
where N is the number of units per network chain in the unde-o
formed material and k is a constant. In fact this equation 
could also be fitted to the results for polyvinyl chloride ex­
tended at room temperature (20°C), 5Q°C, 71°C, and 90°C. This 
is apparent from the plots of An [An^R^2 - against
shown in Figure 6.3. The points for extension at 20°C are not 
actual experimental results but are plotted from results given 
by equation (6.32), which gave good agreement with the actual 
experimental results. It can be seen that all the plots are
linear. Values of Nq evaluated from the intercept at R = 1,
-3
and assuming An = 7.2 x 10 , are given in Table 6.2, along
with the values of k for the different stretching temperatures.
It can be seen that increased and k decreased with increasing 
extension temperature. Although equation (6.35) fits the ob­
served birefringence, it is difficult to justify on physical grounds 
its application to deformation below Tg. Equation (6.35) is based 
on the theory of rubber elasticity and involved evaluating the 
statistical distribution of units in the network chain. Since 
at temperatures below Tg, i.e. room temperature and 50°C, the 
number of units in the chain becomes close to unit, any statistics 
on which equation (6.35) is based would no longer be valid. Never­
theless, equation (6.35) is useful in that it accounts for the ob­
served variation of birefringence at temperatures both above and 
below Tg.
6.2.2 Second Stage of Experiment; Choice of Initial Distribution
Function
As a result of the discussion presented in the previous section, 
it is intended to use Kuhn and Grtin's first affine deformation model 
to describe the molecular re-orientation during the second stage 
extension at room temperature and 50°C. However, since this model 
does not apply during the stage 1 deformation, there still remains 
the problem of selecting an appropriate distribution function at the 
end of stage 1 and the beginning of stage 2 .
The first distribution function to be chosen was that in
equation (6.31), given by the Kuhn and Grun first model. This
was because of the inference in Chapter 5, that, for any extension
ratio, R , applied at 71°C or 90°C to the unoriented material, it 
z
is possible to find an equivalent extension ratio, R*, which, if
2
applied to the unoriented material at room temperature, would pro­
duce the same state of optical anisotropy. Thus, the distribution 
at the beginning of stage 2 was taken to be that in equation (6.31),
with R replaced by R*. R* was evaluated by fitting the bire- z z z
fringence at the beginning of stage 2 to equation (6.32) with
— 3An * 7.2 x 10 . This value of R*, with the exception of that
GlSX Z
for the material with Rz * 7.5, would be very close to that ob­
tained using the extrapolation procedure discussed in Chapter 5, 
since the latter results lie very close to the straight line in 
Figure 6.2. This distribution will be referred to as the Kuhn 
and Grun type 1 distribution.
Since the material used for the stage 2 deformation was 
originally extended in stage 1 at 71°C or 9Q°C, at which 
temperatures the material behaved in a rubbery manner, the Kuhn
and Grun second model might be considered to be the most suitable 
for evaluating the distribution function at the end of stage 1 and 
the beginning of stage 2. In this case, the distribution function 
would be as in equation (6.33). N was evaluated by fitting the
measured values of An and R to equation (6.34), assuming that21
An * 7.2 x 10 . This value of N and the measured R were thenmax z
used in equation (6.33) to give the distribution function. This 
distribution function will be referred to as the Kuhn and Griin 
type 2 distribution. A method essentially the same as this one 
has been used by Ward (1967) to account successfully for bire­
fringence changes in oriented polyethylene terephthalate deformed 
in tension in the molecular alignment direction at room tempera­
ture after first being oriented by extrusion.
The Kuhn and Grun type 1 distribution function has been 
criticized by Gupta and Ward (1967). These authors have also 
used an empirical distribution function suggested by Raraty 
(1966), which they regarded as being rather more realistic and as 
giving a better fit to their polyethylene results. X-ray in­
vestigations by Gupta, Keller and Ward (1968) and NMR investiga­
tions by McBrierty and Ward (1968) have also shown the Raraty 
distribution to be the most appropriate for oriented polyethylene. 
Although there is no evidence to suggest that the Raraty distri­
bution would be suitable for hot stretched polyvinyl chloride, 
calculations have also been carried out with this as the dis­
tribution function at the beginning of stage 2. The Raraty dis­
tribution takes the following form:
1 tan2 6
p(o ,b) * ^ exP
tan2 0
(6.36)
where N and 0 are constants. N and 0 were evaluated by fit-o o J
ting the measured birefringence of the starting material. This 
will be discussed in a later section.
The theory discussed in Section 6.1 will now be applied to 
the process of extension in the second stage of the experiment 
using the above distribution functions at the beginning of 
stage 2. It will be convenient to define the following states 
of the materials
state 1 - unoriented at the start of stage 1;
state 2 - oriented at the end of stage 1 and before
extension in stage 2; 
state 3 - re-oriented after extension in stage 2.
Suffixes 1, 2S and 3 will be used to correspond with these three
states. The detailed application of the theory to each dis­
tribution function will be discussed in the following sections 
and the results will be discussed collectively in Section 6.3.
6.2.3 Second Stage of Experiment; Kuhn and Grun Type 1 Distribution
The distribution function to be used in this section will be
that in equation (6.31), with II replaced by R*. In principlez z
the simple way to calculate the extinction directions and bire­
fringence after extension in stage 2 is in the following steps:
(1) calculate the distribution function p2(02 94>2) at the start of 
stage 2 by substituting R* for R in equation (6.31) . (2) Calculate
2» Z
the distribution function p$(03,^3) after extension in stage 2 from 
P2^ 2 >^ 2) by using equation (6.21) with suffixes 3 and 2 replacing 
2 and 1 respectively. The relationships between polar angles 
03, $3, 02 and $2 are obtainable from measurements made on the 
grid of dots printed on the specimen at the start of stage 2 .
(3) Calculate the extinction directions and the birefringence 
from equations (6.9)s (6.14), and (6.17) .
In practice, however, this method involved a considerable 
amount of calculation in step (2) to obtain P 3(03»<*>3)» because of 
the somewhat complex relationship between the angles. Therefore, 
an alternative method was adopted.
Since, in this particular case, the molecular re-orientation 
in the first and second stages of the experiment occur according 
to the Kuhn and Grun first model, use can be made of the result 
noted in Section 6.1.3, namely that the distribution function 
p(0 ,$) is unique for a given state of strain, no matter how that 
strain was achieved. For calculation purposes, therefore, the 
material can be considered to have been taken direct from state 1 
to state 3 in one (fictitious) deformation process, and the dis­
tribution function p3(0 3,$3) can be obtained from equation (6.27) .
In this equation R , R and R are replaced by R 1, S ' and R 1, x y z x * y z
the principal extension ratios for the fictitious state 1-state 3 
deformation. The principal axes of strain from this deformation 
will be denoted by Ox*, Oy' and Oz1, where 0y? is perpendicular to 
the face of the sheet and therefore parallel to Oy, but Ox' and 
Oz' are not parallel to Ox and Oz. Suffix 2 is replaced by suffix 
3, and G3 and $3 are measured with respect to Ox’, Oy' and Oz*.
The evaluation of R 1, R ', and R * will now be describedx y z
with the aid of the diagrams in Figure 6.4. A grid of dots was
printed on the face of the specimen at the start of stage 2 (i.e.
state 2), having a square basis with sides C2 ■ a2 (Figure 6.4(b)).
One of the sides (OC) was arranged to be parallel to the tensile
direction of the stage 1 extension, (the Oz direction of Section
6.2.1). State 2 is considered to have been produced from the
unoriented state 1 by a transversely isotropic, constant volume
extension of extension ratio R* in the z direction. Thus, inz *
state 1 the grid square would have been a rectangle of sides c* 
in the z direction and a* perpendicular to the z-direction given
by
a* = a2 <BJ)
c* - c2 (a*)
- 1 (6.37)
The grid basis became a parallelogram in state 3 (after the stage
2 extension) as illustrated in Figure 6.4(c)s with sides c3 and a 3,
and angle o> between the sides. The Oz axis is taken to be along
the same line of dots as in state 2. R * R 8 and R * arex 9 y z
therefore the principal extension ratios of a deformation which 
converts the rectangle of Figure 6.4(a) to the parallelogram of 
Figure 6.4(c). It is then straightforward to show that
(it 5 + R ?)2 x z
(R 1 - R ’)2 
z x
a 3* 2
JU
c 3
2
+ 7
'a 3 1 
O
i
*?
c*C 1 4 c*C 1
a 3
2 c3 2
- ?
a 3 C3
5
4*
af c*C 1
sin a) ,
s m  w s
(6.38)
(6.39)
and that the principal axis of strain 0z! makes an angle a with 
Oz given by
n SIS 2 03 // / r%\tan 2a » -------—-- — --- . (6.40)
a* c 3
a 3 C 1
cos 2 a)
(See Jaegar (1962), These are his equations 19 s 28 and 29 on 
pages 27 and 28 of his book with the following substitutions: 
c3/c* for his a; (a3/a*) cos m for his zero for his c ;
(a3/a*) sin u> for his d; S '  for his A; R ' for his B; a for2, Z X
his a'.)
By substitution of the measured values of , C2, a3, c3
and a), and the derived values of R* into equations (6.37), (6.38)
and (6.39), the quantities R^* and R^* can be found. R ' is 
obtained by using the fact that the deformation was at constant
M o * .  ■ '*.
volume, so that Substitution in equation
(6.27) as described in the previous paragraph then gives the 
distribution function p 3(03,$3) for the end of the second stage 
and the optical properties can be calculated. The extinction 
directions can be found with the aid of equations (6.9) and 
(6.19). The angle Y of equation (6.9) is the angle between the 
extinction direction and the z* axis, which is one of the 
principal directions of strain for the fictitious state In­
state 3 deformation. The calculations show that in all cases 
Y * 0° and 90°, that is, the extinction directions coincide with 
the principal axes of strain Oz1 and Ox* (as assumed in Chapter 5). 
By using equations (6.37) and (6.40), these directions can be 
located with respect to the line of dots Oz, and hence with re­
spect to the tensile axis (since the angle between Oz and the 
tensile axis was measured). Substitution of the measured values 
of C3, a3, C2, SL2 and and of the derived values of R*, gives 
a , which is the angle between Oz and Oz*. The birefringences
were calculated with the aid of equations (6.19), (6.14) and
“*3
(6.17), putting for An the value of 7.2 x 10 obtained from * max
the experimental results of stage 1. The results obtained will 
be discussed in more detail in a later section.
In order to check the results obtained using the above
method, the birefringence, ^nzx> and extinction directions were
calculated by the method discussed in Section 6.1.4. In this
case the angular functions were calculated from equation (6.30)
with suffix 2 replaced by 3 and the suffix 1 replaced by 2.
P2^®2?^2) was taken as equation (6.31) with R* replacing R .z z
The terms £3(0 2 9^2  ^ were derived in terms of 6 2, <f>2 > a2> c2 i a3> 
C3 and w. This first necessitated evaluating O2 and <j>2 in term3 
of O3 and <j>3. When the deformation is described by the grid of 
dots as shown in Figures 6.4(b) and 6.4(c) it can be shown that
 ^jd(tan2 $3 + 1)^ b tan £3
tan 02 “ (tan2 £3 + h^ d2) r a tan 0 3
tan <J>2 *
tan <J>3 
h2 d
(6.41)
(6.42)
where a - c3/c2 9 b “ (B.^ /a2) cos to, d « (a3/a2) sin w and h « 
(c3 a3/c2 a2) sin m. a2» C2, as, C3 and w were measured from 
the grid of dots. By suitably manipulating equations (6.41) 
and (6.42), the angular functions f3(025^2) were found to be
cos2 0q **
(tan2 $2 + 1)  ^ b tan
tan 02
(d2 h*4 tan2 <J>2 + D
L2 h^
| (tan2 <J>2 + 1)^ b tan $2 ]^ 
+ (     _ . ■ . . —  +  -  ——  >
tan 02
-1
sin2 63 sin2 <{>3 =
d2 tan2 4>2
) J
*(d2 h14 tan2 $2 + 1)
i2 h14
| (tan2 $2 + 1) b tan 4>2 f 
+ ' — ,----  — .—  +  \
l2 ~i -1
tan O2
sin G3 cos 03 sin ({>3 =
j -J
d tan $2 (tan2 92 + 1)^ b tan <>2
tan 02
(d2 h14 tan2 §2 + 1) ! (tan2 $2 + l) 2 b tan §2 P
 .----   + i-------------   + --------   >
tan O2
I .
-1
a2 h *4 {
(6.43)
From equations (6.43) and (6.30) with suffixes 1 and 2 replaced by
2 and 3 respectively fs (0 3,^3), and hence An and y , could be
zx m
evaluated using equations (6.9) and (6.14).
6.2.4 Second Stage of Experiment; Kuhn and Grun Type 2 Distribution
In this section, it is intended to consider the second dis 
tribution function suggested by Kuhn and Grun, namely
Since *-n equation is a function of only, it can
only be used for material having transverse isotropy. This can 
be considered to be the case for the material in state 2 since the 
stage 1 deformation was transversely isotropic.
The extinction directions and birefringence after extension 
in stage 2 were calculated in the following steps: (1) the dis­
tribution function p2(92»<l>2) at the start of stage 2 was evaluated 
by fitting N to the measured birefringence and R^, as discussed in 
Section 6.2.2. (2) The angular functions were then averaged using
equation (6.30), suffixes 2 and 1 replaced by 3 and 2 respectively, 
and equation (6.43). (3) From these averaged angular functions
the values of y and An after deformation were evaluated usingm zx
equations (6.9) and (6.14).
6.2.5 Second Stage of Experiment; Raraty Distribution
It was assumed in the previous two sections that the distribu­
tion function in state 2 was related in some way to the deformation 
in stage 1, whether this be actual or fictitious. It is now in­
tended to cons ider the distribution in state 2 to be of the type 
suggested by Raraty, namely
Since no affine deformation model would give a distribution of 
the form in equation (6.45), the parameters 0Q and N, which define
(6.45)
the precise shape of the distribution, cannot be related to the 
prior deformation in stage 1, but must be fitted to some measured 
property such as the birefringence. This is essentially the same 
method as that used in evaluating R* and N for the two Kuhn and 
Grun distributions.
The extinction direction and birefringence after extension 
in stage 2 were calculated in the following steps: (1) the dis­
tribution function at start of stage 2 was calcu­
lated by adjusting the constants N and 0Q to fit the measured 
birefringence for state 2. (2) The distribution function
P3(03,<j>3) after extension in stage 2 was calculated using equation
(6.21), with suffixes 3 and 2 replacing 2 and 1 respectively. The 
relationships between 03, <f>3, 02 and $2 were obtained from measure­
ments on the grid of dots and are as shown in equations (6.41) 
and (6.42). (3) The extinction direction and birefringence,
An , were calculated, using p3(03s<|)3), from equations (6.19),
ZX
(6.9), and (6.14).
The birefringence for state 2 is given in terms of the 
averaged angular functions by equation (6.14). However, be­
cause of the transverse isotropy, sin 0£ cos 02 sin $2 = 0  and
sin2 02 sin2 4>2 " 0*5 sin2 0 2, and it can be shown that equation
(6.14) reduces to
An =* 0.5 An (1-3 cos2 02) , (6.46)zx max z *
where
cos2 0.
2?r r it
P2 (®2 »$2  ^ cos2 ®2 s*-n 02 dQ2 d<t>2 * (6.47)
Thus to fit the birefringence at stage 2, the Raraty distribution 
must be such that
There are two unknowns, N and 8 , in equation (6.48), but one of 
these can be eliminated since p2(02»02  ^®,iSt satisfy the following 
condition;
'2ir f7T f tan2 82 
exp j----------- ] sin ©2 d02 d4>2 * 1
2 tan2
(6.49)
Dividing equation (6.48) by equation (6.49) gives
/it I tan *
exp I -
\
2 tan2 V
j cos2 02 sin 02 d02
tt / tanz 82 \
exp | ------ -— —  | sin 02 d02
3 (1 “ An
2 An
max
2 tan2 (6.50)
The only unknown in equation (6.50) is From Table 1 given
by Raraty (1966) it was possible to determine, within a 5 range, 
the value of 0o which satisfies equation (6.50). The left hand 
side of equation (6.50) was then computed for 0.2° steps in 0q 
within the 5° range, and the value of 0q was found which satisfied 
most closely equation (6.50). Using this value of 0 , N was de­
termined from equation (6.49). The distribution function, 
p 3(83, 03) , at the end of stage 2 was evaluated using equations
(6 .21), (6.41) and (6.42) to give
2 t, 2d z h N exp
(tan2 03 + h ** d 3)
2 tan2
jd (tan2 4-3 + X)* b tan 43'j
\ a tan 0q  ^ a f
I j
(tan2 0 3 + 1)^ " (1 + tan2 ©3) 2
tan
-2
j s. o . b tan 6 0 1
--------^  + tan2 «3 + h “ d 2
t a tan 83 a
knowing p3(03,03), the averaged angular functions cos2 03, 
sin2 03 sin2 03s and sin 03 cos 03 sin 03 were evaluated, and hence 
the extinction direction and birefringence at the end of stage 2 
could be determined from equations (6.9) and (6.14).
A check on the above calculation was carried out using the 
procedure suggested in Section 6.1.4. The angular functions 
f3 (03,<f>3) were averaged using equation (6.30) with suffixes 1 
and 2 replaced by 2 and 3. 9^ 2) was evaluated as aboves
and the angular functions f3(6 2,02) were as in equation (6.43).
6.3 Results and Discussion
All stages of the calculations discussed in the previous 
sections were carried out using an ICL 1905 F computer. The 
integrals used in averaging the angular functions were evaluated, 
using Simpson's method, to an accuracy of ±0.1%. Since it was 
necessary to subtract the angular functions in calculating An
ZX
orAn , accuracies of less than ±0.5% in the angular functions xy
could, depending upon the relative magnitudes of the functions, 
give rise to large inaccuracies in the values of the birefringence. 
Because of the somewhat complicated nature of the equations, a 
number of checks were carried out on the programmes. Having 
evaluated the precise shape of the function at the beginning of 
stage 2 from the measured birefringence at the beginning of stage
2, the condition of zero strain in stage 2 , i.e. a2 - ^2 ~ a3 ^ c3 
and co » 90°, was used in the programme. Under these circum­
stances the computed value of An should be the same as that
ZX
used initially in determining the exact shape of the distribution 
function in state 2, and Ym ® °°* this was always found to be 
the case. Also, by using An * 0 in determining the distribution
function at the beginning of stage 2, all programmes should give 
the same variation of birefringence with extension ratio as that 
given by equation (6.32). All programmes were found to satisfy 
this condition. In the case of the Raraty distribution when the 
averaged angular functions were evaluated from the distribution 
function at the end of stage 2, another useful check was to see 
if p3(03,03) satisfied equation (6.18). This condition was al­
ways satisfied to better than 0.1%. In addition, when y and
An were evaluated by two different methods, the value of y zx J 9 'm
and Anzx were in agreement to within 0.5° and 1% respectively.
Dr. T, Hinton (private communication) has evaluated y and Anm zx
for the Kuhn and Grun type 1 distribution using a numerical 
method, and his results showed similar good agreement with those 
evaluated using the above method.
The results of these calculations are shown in Figures 6.5
and 6*6 for test pieces extended at 50°C in stage 2, and in
Figure 6.7 and 6 .8 for test pieces extended at room temperature
in stage 2 . y^ gave the angle between the extinction direction
and Oz, but since the angle between Oz and the tensile axis, Ot,
was measured, A could be evaluated. A is plotted as a function
of and Aq in Figures 6.5 and 6.7 respectively, for the three
distribution functions discussed in Section 6.2. Experimental
points are also plotted in these figures. The predicted values
of Anzx for the three distribution functions are plotted in Figures
6 .6 and 6 .8 along with the experimental points. Also shown is
An which was only evaluated using the Kuhn and Grun type 1 dis- zy
tribution in state 2 .
It can be seen from Figures 6.5 and 6.7 that the different dis­
tribution functions gave the correct variation for A, but in all
cases the predicted values were smaller than those actually measured. 
The Kuhn and Grun type 1 distribution gave the closest agreement 
with experiment * and the Raraty distribution gave the largest dis­
crepancy between experimental and predicted results; the results 
for the Kuhn and Grun type 2 distribution were intermediate between 
those for the Kuhn and Grtfn type 1 and Raraty distributions. It 
is as a consequence of the failure of the Kuhn and Grun type 1 dis­
tribution to account for the obsetved variation of A , that theo’
values of R (calc), calculated as discussed in Chapter 5, varied 
as a function of extension ratio, R^. In Section 6.2.3 the calcu­
lated extinction direction was always found to be parallel to the
principal axis of strain, 0z?. This result was independant of R*,
z
However, the determination of the angle a between Oz* and the grid 
line, Oz, did require a knowledge of K* and the use of equation 
(6.40). Reference to Section 5.3.2 shows that R^ (calc) was ob­
tained by the reverse of this route, starting from the assumption 
that the extinction direction and the principal axis of strain 
were parallel. Thus, the divergence between the measured and 
calculated values of A is directly related to the non-constancy
of R (calc). 
z
As far as the birefringence results in Figure 6 .6 are con­
cerned, the predicted results did not agree with the experimental 
results. For A * 64°, R = 2.9 and 7.5, and A * 56°, R *=4.4,
Q 9 Z 9 O 9 Z *
the agreement is quite good for small values of Rt, but at large
values of Rfc the discrepancy became progressively larger. For
A = 25°, R =* 4.4, and A =* 0°, R =3.0 and 1.0, the predicted o z o z
and experimental results do not agree. With the exception of 
Aq = 0°, Rz = 3.0, the Kuhn and Grun type 1 distribution gives 
the best agreement with the measured results in all cases. The
discrepancy between predicted and experimental results could be
considered to arise from the fact that the Kuhn and Griin affine
deformation model is not strictly applicable to deformatioa at
50°C. However, it is clear from the results for X = 0°. R *=1.0, * o 9 z *
that this would result in the predicted values of An being larger
ZX
than the predicted ones. This would accv jnt for the discrepancy
at large values of R for X = 64°, R =2.9 and 7.5, and X * 56°,t o 9 z 3 o
R = 4.4, but not for the discrepancy at X = 25°, R =4.4, and z o z
oX = 0 9 R = 3.0. for which the predicted values of An were o 9 z zx
smaller than the measured values. Another possibility is that 
the incorrect form of the distribution function was chosen. How- 
ever, it is thought that any improvement in results in one case 
would only result in a greater discrepancy in another case if a 
new form of distribution function was used.
As far as the results in Figure 6 .8 are concerned the Kuhn 
and Grun type 1 distribution gives the best agreement with ex­
periment, but again there was some discrepancy between experimental 
and predicted results.
It can also be seen from Figure 6 .6 that An calculated using
zy
the Kuhn and Grun type 1 distribution increased with increasing
values of R . This is not surprising since the thicknesses of
the test pieces decreased as R increased. Thus, units aligned
out of the plane of the sheet tended to become aligned parallel to
the sheet, and the birefringence, An , measured using lightzy
transmitted parallel to the plane of the sheet, would increase.
If the unit in the affine deformation model is considered 
to be either a length of molecular chain, or a region in which
molecular chains are parallel, the value of An can be relatedmax
to the polarizability of the molecules using equation (6.15) . By
considering the polarizabilities of the bonds comprising the
molecules5 the pclarizability of the molecules can be calculated,
and hence compared with the value obtained for Ah , i.e.r max*
— 37.2 x 10 . Rider (private communication) has carried out such
a calculation using the values of polarizabilities given by Bunn 
(1961) (Table IX). He showed that, if during the extension the 
molecules became aligned in the extinction direction, then the 
oriented polyvinyl chloride would be negatively birefringent.
This was not the case for the results discussed here. However, 
Rowell and Stein (1967) have pointed out that polarizability is 
affected by such factors as the size of the molecule, whether 
the molecule is in the vapour or solid phase, whether the solid 
phase is crystalline or amorphous, and the crystal structure of 
the solid phase. These differences were accounted for by the 
internal field effects due to the interaction between neighbouring 
molecules. Since the result quoted by Bunn (1961) for the 
polarizability of the C-Cl bond was that evaluated by Denbigh (1940) 
for low molecular weight compounds in the liquid state, this value, 
which was used by Rider, cannot be considered to be applicable to 
polyvinyl chloride in the solid state. Denbigh (1940) even found 
some discrepancy between the values of the polarizability of the 
C-Cl bond evaluated for two different low molecular weight com­
pounds, CH3CI and CH Cl3. The effect of changing the internal 
field on the birefringence of oriented polyvinyl chloride has also 
been indicated by the results of Andrews and Kazaraa (1968). In 
changing the temperature from approximately 0°C to -200°C they 
found that the birefringence decreased by approximately 35%. Such 
changes could not be accounted for by changes in molecular alignment 
since there would be little molecular motion at these temperatures. 
Thus the birefringence decrease can only be accounted for by
changes in internal field effects arising from the temperature 
change. It seems likely that any additives would also affect 
the polarizability of the molecules. In view of the above dis­
cussion the result obtained by Rider, that the birefringence of 
oriented polyvinyl chloride should be negative, cannot be con­
sidered applicable to the material used in these experiments. It 
was suggested in Chapter 2 that birefringence cannot be used to 
compare molecular alignment in Cobex and Vybak. This is be­
cause different amounts of additives might result in different 
molecular polarizabilities, giving rise to different values of
&  n . for the two materials, and hences for a given birefringence max
the distribution function would be different for each material.
Although in evaluating y and An the distribution functions'm zx
were used in averaging the angular functions, the different shapes
of the functions before and after extension in stage 2 have not
so far been considered. In Figures 6.9, 6.10, and 6.11 the
section in the xz plane for each of the distribution functions is
— 3
given for material with Rz ■ 2.9 and birefringence 1.34 x 10 ,
Obefore and after extension at 50 C in stage 2 with « 1.76.
The distributions before deformation are plots of equations (6.31) 
(6.33), and (6.36). The Raraty distribution after deformation 
is a plot of equation (6.51) with <J>3 « 90°. Equations (6.27), 
(6.38) and (6.39) were used in determining the shape of the Kuhn 
and Grun type 1 distribution function after deformation. Using 
equations (6.21), (6.41), (6.42), and (6.44) it can be shown that 
the Kuhn and Grun type 2 distribution takes the following form 
after deformation in stage 2 :
r i ’y
(tan2 <j>3 + 1)2 (1 + tan2 03)2 < d(tan2 $ 3 + l) 2 b tan <J>3|
3
where
j d(tan2 <J>3 + 1) b tan 4>3
2
F(03,^3) * (tan2 <j>3 + h1* d2)
,« 1 '\2 -,-1 
id (tan2 <J>3 + l) 2 b tan $3]
I V
Equation (4.52) with 4>3 * 90° was used in plotting the Kuhn and Grun 
type 2 distribution after deformation in stage 2. It can be seen 
from Figures 6.9, 6.10, and 6.11 that, in going from the Kuhn and 
Grim type 1 distribution, through the type 2 distribution to the 
Raraty distribution, there is a gradual change in shape of the dis­
tribution prior to extension in stage 2. Both the maximum and 
minimum lengths of the radius vector become smaller, but at inter­
mediate positions the radius vector increases in length. This 
progressive change in shape accounts for the result noted earlier 
that, as far as the predicted values of X and An are concerned,
the behaviour of the Kuhn and Grun type 2 distribution was inter­
mediate between that of the other two distributions.
It can be seen from Figure 6.9 that, for the Kuhn and Grun 
type 1 distribution, the distribution functions before and after 
extension in stage 2 are of a similar shape, although the size has 
changed. In each case the extinction direction coincides with
the maximum of the distribution. (The extinction directions 
indicated in Figures 6.9, 6.10, and 6.11 are those predicted by
zx
the theory for each distribution function.) These two results arise 
from the fact that the stage 1 and stage 2 deformations can be re­
placed by one fictitious deformation going from state 1 to state 3. 
Because of this, the distribution function is always of the form 
given by equation (6.27).
As far as the Raraty distribution is concerned, the distribu­
tions before and after extension (Figure 6.11) are of different 
shapes. In particular, two maxima have developed as a result of 
the extensions, and the extinction direction coincides with neither 
of these. (In referring to two maxima, a range of 180° only in 0 
is being considered.) However, the extinction direction is closest 
in direction to the larger of the two maxima. Since the initial 
distribution is symmetrical the extinction direction coincides with 
the maximum of the distribution in state 2. The relative magnitudes 
of the two maxima which develop during extension in stage 2 depend 
to some extent upon the value of Aq. For instance,calculations 
have shown that at Aq - 90° two equal maxima develop,but at Aq * 0° 
there remains only one maximum. Because of the diffuse nature of 
the diffraction photographs, it was not possible to obtain X-ray 
evidence for the existence of two maxima in the distribution.
••
The behaviour of the Kuhn and Grun type 2 distribution is 
intermediate between the two other distributions. Again two 
maxima develop but the smaller one is not as well developed as 
the corresponding maximum for the Raraty distribution.
It has been stated by Gupta, Keller and Ward (1967) that the 
Kuhn and Grun type 1 distribution is elliptical in shape. How­
ever, it is clear from Figure 6.9 that this is not the case.
Although the strain, to which the distribution function is 
related by the affine deformation model, can be described by the
strain ellipse* the distribution is not elliptical. Similarly
the Kuhn and Grun type 2 distribution function* although related 
to the strain ellipse by a second affine deformation model* is 
not elliptical.
In this Chapter it has been shown that the molecular re­
orientation during the extension of the unoriented polyvinyl chloride 
at room temperature (20°C) can be accounted for by Kuhn and Grun* s 
first affine deformation model. In this model it is assumed 
that the material consists of a large number of rigid anisotropic 
units which undergo affine rotation during deformation. It was 
found, by fitting equation (6.32) to the experimental results, that
this model predicts that the maximum birefringence which can be
-3
achieved by extension, i.e. An , is equal to 7.2 x 10 . Formax
extension of unoriented material at temperatures above 20°C, the 
fit between the results predicted by the affine deformation model 
and those actually measured becomes progressively worse as the 
extension temperature is increased. It was, however, considered 
that the affine deformation model still gave a good approximation 
to the behaviour of the material extended at 50°C.
The birefringence results for unoriented material extended at 
various temperatures could be fitted to an equation, used by 
Bowden and Raha (unpublished), which is based on molecular net­
work theory, but which allows the cross-link density to change 
during deformation. This equation is particularly useful in 
that it describes for the observed birefringence changes at 
temperatures both above and below Tg.
As far as the extension of the oriented material in stage 2 
is concerned * three different distribution functions were used 
to describe the molecular orientation in state 2 before extension
in stage 2. Using the first Kuhn and Grun affine deformation
model to describe the molecular re-orientation during extension
in stage 2 , it was found that the observed variation of birefringence
was best fitted by using the Kuhn and Grun type 1 distribution in
state 2. Although there was some discrepancy between predicted
and experimental results* the theory did account for the salient
features of the observed behaviour, in particular the observed
minima in the birefringence for X * 64°, R * 2.9 and 7.5, ando z
X - 56°, R - 4.4. At small values of extension ratio, R*. o * z s t*
the agreement between theory and experiment was quite good for 
the curves which showed a minimum.
The result, that the birefringence changes during the de­
formation of unoriented polyvinyl chloride at room temperature can 
be accounted for by the Kuhn and Grun affine deformation model, 
suggests that the molecular alignment in this material would be 
described by the Kuhn and Grim type 1 distribution function. If 
this material had been subsequently retested at room temperature 
in stage 2 , it is to be presumed that the agreement between theory 
and experiment would be good. Unfortunately insufficient Vybak 
was available to test this prediction. However, it was possible
to extend Cobex strip at 50°C, and the strip was sufficiently wide 
for small test pieces, which were extended in stage 2 at room 
temperature, to be cut from it. Although no detailed results 
were obtained, rough calculations did indicate that the value of
R (calc), evaluated as discussed in Section 5.3.2, was close to z
that of R . the measured extension ratio in stage 1. This z
suggests that the theory would be able to predict quite accurately 
the observed variation of X during deformation, and also possibly 
the variation of birefringence. The good agreement between theory
and experiment achieved by Brown, Duckett and Ward (1968b) pre­
sumably arises from the' fact that both stages of their experiment 
were carried out at the same temperature.
In view of the simple nature of the model and of the fact 
that deformation in stages 1 and 2 was carried out at different 
temperatures, the agreement between theory and experiment was 
quite satisfactory. The theory would presumably account for 
the observed optical anisotropy changes in deformation bands, as 
reported in Chapter 3.
Table 6.1
Values of N and evaluated for Vybak having different 
values of R^ and birefringence.
R Birefringence N I N*
1.5 0.38 6 .0 2.5
2.9 1.34 8.7 2.9
3.0 1.4 9.0 3.0
4.4 1.93 14.3 3.8
5.0 2 .1 17 ;0 4.2
7.5 2.42 34.0 5.9
i
Table 6.2
Values of Nq and k (as in equation (6.35)) evaluated for 
Vybak extended at different temperatures.
Extension
Temperature k No
20°C 0.55 0.93
50°C 0,47 1.25
71°C 0.33 1.97
90°C 0.32 4.7
Figure 6.1
Figure 6.2 Plots of birefringence vs. F(R_) for extension of 
initially unoriented polyvinyl chloride at the'• 
temperatures indicated.
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Figure 6.3 Plots of loge [aii(R22 - Rz_1 )-1] vs. R for initially 
unoriented polyvinyl chloride extended at the tempera­
tures indicated.
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Figure 6,k Diagram showing the change in dimensions of the
initially square, grid of dots printed on the test
piece prior to deformation in stage 2. The various
axes and angles deferred to in the text are indicated.
Figure 6.5 Graphs comparing the theoretical and experimental
results for X vs. R for test pieces deformed at 50°C 
in stage 2. The different curves are for the three 
distribution functions used to describe the molecular 
alignment in state 2 .
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Figure 6.6 Graphs comparing the theoretical and experimental
results for birefringence vs. R, for test pieces
t
deformed at 50 C in stage 2. The different curves 
are for the three distribution functions used to 
describe the molecular alignment in state 2 .
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Figure 6.7 Graphs comparing the theoretical and experimental 
results for X vs. Xq for test pieces deformed at 
20° in stage 2. The different curves are for the 
three distribution functions used to describe the; 
molecular alignment.in state 2.
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Figure 6 .8 Graphs comparing the theoretical and experimental
results for birefringence vs. for test pieces de­
formed at 20°C in stage 2. The different curves are 
for the three distribution functions used to describe 
the molecular alignment in state 2 .
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Figure 6.9 Section in the x-z plane of the Kuhn and Griin type 1
distribution for material with birefringence 
- 31.34 x 10 and R =2.9. The two distributions z
are before and after deformation in stage 2 with
- 336 ~
Figure 6.10 Section in the x-z plane of the Kuhn and Grlin type 2
distribution for the material with birefringence 
— 3
1.34 x 10 and R = 2.9. The two distributions 
2
are before and after deformation in stage 2 with 
Rt = 1.4.
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Figure 6.11 Section in the x-z plane of the Raraty distribution
_3
for the material with birefringence 1.34 x 10 and
R =2.9. The two distributions are before and z
after deformation in stage 2 with R « 1.4.
CHAPTER 7
Some Observations on the Fracture of Oriented Polyvinyl
Chloride
In discussing the yielding and cold drawing behaviour of 
oriented polyvinyl chloride in Chapter 3, it was pointed out that 
in some circumstances the test pieces appeared to fracture prior 
to any yield point being detected. Also, in the case of cold 
drawing, no discussion of the ultimate mode of failure was given.
In this Chapter it is intended to discuss the fracture results ob­
tained from the test pieces used in obtaining the results in 
Chapter 3, and some additional results obtained for oriented Cobex 
will also be presented. In particular it will be shown that the 
development of stress whitening in the material has a significant 
effect upon the fracture behaviour.
7.1 Experimental
Some of the results presented in this Chapter were obtained 
from test pieces for which results have already been presented in 
Chapter 3. These test pieces, which had a gauge length of 6 mm
and width 1.5 mm, were cut from sheets of oriented Vybak and were
. . —1 —lextended at an extension rate of 1 cm mxn , strain rate 1.7 min
These tests were carried out at room temperature (20 ± 2°C).
Similar tests have also been carried out on Cobex. In this cas a 
test pieces having XQ ** 0° were deformed under the conditions dis­
cussed above, but some having a range of values of were de­
formed at a strain rate of 1.7 min 1 and at 35°C. In addition, 
some test pieces cut from sheets of Cobex and Vybak were extended, 
at room temperature, at a rate of 1.1 mm min 1, strain rate 0.18 min
using the small tensile machine shown in Figure 2.3. Stages in 
the deformation of these test pieces were observed microscopically. 
Some test pieces having gauge length 12.5 mm and width 4.0 ram were
cut from sheets of Cobex such that X = 0°s and these were testedo s
at -82°C at an extension rate of 2 cm min’"1 , strain rate 1.6 min 1. 
7.2 Results
In the following sections, the term fracture will be used with 
reference to any separation of the test piece in which two new sur­
faces, the fracture surfaces, are formed, these surfaces originally 
being in the interior of the test piece. Two different types of 
fractures will be discussed. These are as follows:
1. Sudden fracture which occurred before any large amount of plastic 
deformation had occurred, and for which the load recorded by the 
load-extension curve dropped to zero with no prior warning.
2. Ductile fracture which occurred after a considerable amount of 
plastic deformation had taken place by the propagation of a 
running neck. In this case the load drop on the load-extension 
curve was preceded by a decrease in slope of the load-extension 
curve, and the progress of the fracture could be arrested by 
stopping and reversing the tensile machine.
This fracture behaviour is discussed in more detail in the 
following sections.
7.2.1 Sudden Fracture at X = 90°
 ________  o______
In Section 3.2.1 it was reported that, for test pieces cut 
from sheets of polyvinyl chloride which had not stress whitened,
failure occurred at an earlier stage in the test as the prior ex­
tension ratio increased. At prior extension ratio 3*3, this re­
sulted in test pieces fracturing suddenly before a yield point
fae.n-5ure»He-k\.fc''
could be detected on the load-extension curve. jfcaMBrtamgfc 
carried out on the test piece showed that the intersection of 
the fracture surface with the surface of the sheet test piece was 
parallel to the extinction direction. However, although the test 
piece had fractured suddenly before reaching the yield point, 
there was a region of plastic deformation in the vicinity of the 
fracture, suggesting that the test piece was close to its yield 
point when fracture occurred. The fracture, along with the 
associated region of plastic deformation, is shown in Figure 7.1.
No further investigation of this type of behaviour at * 90° 
has been carried out. However, the reader is reminded that, 
for Vybak, stress whitening supressed this tendancy of the material 
to fracture (see Chapter 3).
7.2.2 Sudden Fracture at X * 0°
____________________o_____
In Section 3.2.2 it was noted that, for oriented Vybak at 
Aq = 0°, the yield stress increased with increasing prior exten­
sion ratio up to an extension ratio of 3.7. Beyond this point 
the test pieces appeared to fracture before any yield point was 
reached, and the fracture stress decreased with increasing ex­
tension ratio (see Figure 3.5). This transition from yield 
fracture coincided approximately with the development of stress 
whitening in the material, and so it was not clear whether this 
transition was associated with the stress whitening or just arose 
from the increase in extension ratio. Because insufficient Vybak 
was available this phenomenon could not be investigated further
using this material. However, some investigations were carried
out using Cobex which had been oriented by extension at 80°C.
Test pieces having gauge length 6 mm and width 1.5 mm were cut
from the sheet at A =0°, and they were tested in tension at roomo ’
temperature (20 ± 2°C) at an extension ratio of 1 cm min strain
rate 1.7 min 1. A in fact ranged from 0° to 1°, but this varia-o
tion did not significantly affect the results to be presented in 
this section. The load-extension curves (Figure 7.2) for these 
test pieces showed a variation with extension ratio similar to 
that for Vybak at AQ - 0°, as shown in Figure 3.1. The yield 
point, which was defined in the same manner as in Section 3.2.2, 
was easily detectable for extension ratios 1.8, 2.5, and 3.0.
It was found that, for these extension ratios, the nominal yield 
stress increased with increasing extension ratio, as shown in 
Figure 7.3. However, no yield point was originally detectable 
for the test pieces at higher extension ratios, and so, the 
maximum recorded nominal stress was taken as a fracture stress, 
and is plotted as such in Figure 7.3. Extrapolation of the plot 
of nominal yield stress against extension ratio for extension 
ratios of 3.0 and below, indicated that the fracture stresses 
for extension ratios 3.5 and 3.7 were much larger than the yield 
stresses predicted by the extrapolation, suggesting that these 
test pieces had yielded prior to fracture. A closer study of 
the load-extension curve for extension ratio 3.5 showed that it 
was similar to that in Figure 7.2(c), but the change in slope 
between the two linear portions was very small and difficult to 
detect. The nominal yield stress evaluated from the inter­
section of these two linear portions was on the same curve as 
the nominal yield stress results at lower extension ratios.
Another piece of evidence which suggested that the load-extension
curves of these test pieces at extension ratios 3.5 and 3.7 should 
show a yield point before fracture, was the tensile strain at 
fracture. This was determined from the extension recorded on 
the load-extension curve. For those pieces at low extension 
ratios which showed a definite yield point, the tensile strain at 
yield was approximately 10%, However, for those test pieces of 
extension ratios 3.5 and 3.7, the tensile strain at fracture was 
larger than this. In view of this, the yield point for these 
test pieces was taken to be at a tensile strain of 10%. In the 
case of the 3.5 extension ratio, the nominal yield stress evalu­
ated in this way agreed with the value obtained from the inter­
section of the linear portions of the load-extension curve. For 
extension ratio 4.0, the tensile strain at fracture was approxi­
mately 10%, but at higher extension ratios, the tensile strain at 
fracture was less than this. The results for test pieces at 
extension ratio 4,0 and above were plotted as fracture stresses 
in Figure 7.3, Although there was some scatter in the fracture 
stress results, it is clear that the Cobex results presented in 
Figure 7.3 are similar to those for Vybak shown in Figure 3.5.
The nominal yield stress increased with increasing extension ratio 
until fracture occurred before yielding, and the fracture stress 
then decreased with increasing extension ratio. It can be seen 
from Figure 7,3 that the behaviour of the polyvinyl chloride can 
be described by a fracture stress against extension ratio curves 
and a yield stress against extension ratio curve. Depending 
upon which stress is the smaller, the material will either yield 
or fracture. The point at which the yield-fracture transition 
occurs does appear to coincide with the development of pronounced 
stress whitening in the Cobex. At lower extension ratios some 
stress whitening was present but difficult to detect.
In the hope of moving the yield-fracture transition to lower 
extension ratios, i.e. away from the extension ratio at which 
stress whitening occurred, some tests were carried out on Cobex
O * *at -82 C. These tests were carried out using test pieces of 
gauge length 12.5 mm and width 4.0 mm which were extended at 
20 mm min”1, strain rate 1.6 min"1. Because of the large tempera­
ture fluctuation in the environmental chamtber at -82°C, satis­
factory stress measurements were not obtained. It did appear, 
however, that, although the stress magnitudes were approximately 
doubled, the yield-fracture transition still coincided with the 
development of stress whitening in thematerial. One interesting 
result was that the unoriented material of extension ratio 1.0 
fractured and did not yield, but the test piece of extension ratio 
1.8 yielded. The yield stress at extension ratio 1.8 was larger 
than the fracture stress at extension ratio 1.0, but both were 
smaller than the fracture stress for extension ratio 4.0. In 
the vicinity of extension ratio 4.0 the fracture stress decreased 
with increasing extension ratio. These results suggest that, at 
low extension ratios, increasing molecular alignment has the 
effect of increasing both yield stress and fracture stress, but 
the fracture stress increases more rapidly, resulting in the 
fracture-yield transition between extension ratio 1.0 and ex­
tension ratio 1.8. However, at large extension ratios the situa­
tion was reversed in that there was a yield-fracture transition.
Although it is by no means certain, the results discussed 
above do indicate that the observed yield-fracture transition, 
and the associated decrease in fracture stress with increasing 
extension ratio, does seem to be associated with the develop­
ment of stress whitening in the material during the initial
“  J 4 4  —
orienting process. However, it does not necessarily follow that
the stress whitening, i.e. the presence oi voids in tli- terial, 
causes the yield-fracture transition. It may be that some other 
structural change, e.g. increasing molecular alignment, causes 
both the development of stress whitening and the yield-fracture 
transition. For instance, Andrews and Reed (1967) have shown 
that the development of stress whitening during the cold drawing 
of natural rubber is associated with the breaking of molecular 
chains. It could similarly be postulated that, during the ex­
tension of polyvinyl chloride at elevated temperatures, a stage 
is reached at which further extens ion cannot be achieved without 
the breaking of some molecular chains, and this gives rise to the 
development of voids in the material and the associated stress 
whitening. Similarly, it can be postulated that, when tested 
at room temperature, further extension of the test piece cannot 
be achieved without considerable breaking of molecular chains, 
but since the molecular mobility is much reduced at this tempera­
ture, this results in fracture of the material rather than yielding. 
It is presumed that the greater molecular mobility at the elevated 
temperature allowed the material to extend further rather than 
to fracture. Evidence that fracture involves the breaking of 
molecular chains has been presented by Regel et al (1966) and 
Zhurkov et al (1966). It is not surprising, using the above 
model, that at large extension ratios, the material should 
fracture rather than yield, but it is unexpected that the fracture 
stress should decrease with increasing extension ratio. How­
ever, if a considerable amount of molecular chain breaking does 
occur during the stress whitening at elevated temperatures, this 
might be effective in reducing the room temperature fracture
stress in that there are less molecular chains to break. The 
other possibility is that the voids in the material act as flaws, 
and that the increasing number of voids with increasing extension 
ratio causes the fracture stress to be reduced. Obviously further
investigation of this behaviour is required. In particular it 
would be interesting to evaluate the molecular weight distribution 
at different extension ratios to see if there is any pronounced re­
duction in molecular weight associated with the development of 
stress whitening.
Although no detailed investigation has been carried out into 
the nature of the fracture surface, it was noted that the mode of 
fracture was different for test pieces deformed at room tempera­
ture and -82°C. In Figures 7.4 and 7.5 micrographs of test 
pieces fractured at the two temperatures are presented. At 
room temperature the fracture surface was normal to both the 
tensile axis and the molecular alignment direction (Figure 7.4).
In some cases it was possible to detect, by virtue of the rotation 
of the extinction direction away from the tensile axis, a narrow 
band of plastically deformed material along each fracture edge.
The fracture at -82°C was rather fibrous in that it tended to be 
inclined at a small angle to both the tensile axis and the 
molecular alignment direction. Typical fractures of this sort 
are shown in Figure 7.5. Cheatham and Dietz (1952) have pre­
viously observed this type of fracture in oriented polystyrene.
Andrews and Reed (unpublished) have investigated the de­
formation behaviour of oriented rubber tested in tension at 
temperatures below Tg. They observed, for X “ 0°, that as 
the prior extension ratio increased, the yield point became less 
well defined in a manner similar to that observed for oriented
- 346 -
polyvinyl chloride , and the tensile strain at fracture also de­
creased. Thus, it would seem that oriented rubber would also 
show a yield-fracture transition as the extension ratio increased.
It is not known if the fracture stress for rubber decreased with 
increasing extension ratio or if the rubber exhibited any stress 
whitening.
7.2.3 Ductile Fracture in the Neck
In discussing cold drawing in Chapter 3, no reference was 
made to the ultimate mode of failure of the cold drawn test 
pieces. It is intended to discuss in this and the next section 
this failure, which, since it occurred after considerable plastic 
deformation, will be referred to as ductile fracture. Usually 
those test pieces which were cut from strips of oriented polyvinyl 
chloride, which had not stress whitened, fractured within the 
necked region. Figure 7.6 shows the typical mode of failure 
under such circumstances. The micrographs in this figure show 
a test piece with * 52°, extension ratio 2.6, which was de­
formed at room temperature and at a strain rate of 0.18 min 1, 
using the small tensile machine attached to the microscope. During 
the deformation9 whilst the reck was propagating, a dark vshaped 
region appeared at one edge of the test piece within the necked 
region, as indicated by the arrow in Figure 7.6(a). This region 
grew very slowly, the tip moving further into the test piece whilst 
the neck was still propagating. It is not known whether the dark 
appearance is due to geometrical effects arising from thickness 
change or to the material being opaque. Since the region is dark, 
there is still material present within this region and no separation
of the test piece has occurred. A stage was reached, shown in 
Figure 7.6(c), at which some separation did occur, and the fracture 
then propagated rapidly across the test piece, as shown in Figure 
7.6(c) and Figure 7.6(d). This propagation of the fracture 
occurred much more rapidly than did the development of the dark 
v-shaped region. This mode of failure was observed for the 
majority of test pieces cut from sheets which had not stress 
whitened.
7.2.4 Ductile Fracture at the Neck Boundary
In contrast to the behaviour discussed above, the test pieces 
cut from sheets of stress whitened polyvinyl chloride (Vybak) of 
extension ratio 3.9, for which load-extension curves were pre­
sented in Figure 3.1, failed in a ductile manner at the boundary 
of the neck and not within the necked region. This ductile 
fracture, which had a very characteristic appearance, is shown 
in the micrograph in Figure 7.7. The most striking feature of 
this fracture is that the straight fracture edge, indicated by 
the arrow in Figure 7.7, is inclined at an angle to the tensile 
axis and is approximately at right angles to the extinction dir­
ection. In order to investigate further this mode of ductile 
fracture, a number of test pieces, having gauge length 6 mm and width
1.5 ram, were deformed, using the small tensile machine, at an ex-
. —1 —ltension rate of 1.1 ram m m  , strain rate 0.18 min , and stages
in the progress of the fracture were observed micros cop ically.
Since the test pieces did not always fracture before the neck had
propagated throughout the gauge length, a notch was inserted in
the test piece using a scalpel. This notch ensured that the
deformation band formed at the notch, and ductile fracture
occurred as soon as the deformation band had formed. Successive 
stages in the development of the fracture are shown in Figure 7.8
for a test piece of extension ratio 3.9 with X ** 45°. It cano
be seen that, as the fracture progressed, the straight fracture 
edge propagated across the test piece and the neck boundary moved 
down the test piece, the fracture tip and the neck boundary meet­
ing at a common point. The straight fracture edge appeared to 
be approximately at right angles to the extinction direction. In 
Figure 7.9 the ductile fracture is shown for both large and small 
values of XqS i.e. Xq * 20° and 80°, and again the extinction 
direction appeared to be approximately at right angles to the 
fracture edge. The ductile fracture is shown diagramatically 
in Figure 7.10. Since the micrographs referred to above indicated 
that the direction of the fracture edge AB depended upon XQ , the 
angle 0, between AB and the tensile axis, was measured in the 
sense shown in Figure 7.10. The angle 0 is plotted as a function
of X in Figure 7.11 for stress whitened polyvinyl chlorideo
(Vybak) of different extension ratios. It can be seen that, al­
though there was some scatter in the results, 0 appeared to be 
linearly related to XQ in the same manner irrespective of extension 
ratio. The dashed curve in Figure 7.11 is that which would be 
expected if AB had been at right angles to the extinction direction. 
In fact the angle (0 - XQ) ranged from 78° to 85° with decreasing 
Xq. In view of this relationship between 0 and X^ shown in 
Figure 7.11, a further investigation into this mode of ductile 
fracture was carried out on Cobex having a range of extension 
ratios prepared by extension at 80°C. Before discussing the 
results for Cobex, however, one further observation made on Vybak 
is worth reporting. In only one case was the type of ductile 
fracture discussed above observed in a test piece cut from oriented
material which showed no stress whitening. This was at * 52° 
for extension ratio 3.0f and successive stages in the ductile 
fracture are shown in Figure 7.12. (Earlier stages in the de­
formation of the test piece are shown in Figure 3.26.) The 
interesting feature of this fracture is that 9 is less than 
90°, in contrast to results for stress whitened material for 
which 9 was larger than 90°. Further investigation of this mode 
of fracture in material which had not stress whitened was carried 
out on Cobex.
Initially the Cobex test pieces, which were notched, were de­
formed at room temperature and at a strain rate of 0.18 min"1 
using the small tensile machine, but under these conditions the 
test pieces tended to fracture at the notch and parallel to the 
extinction direction. Because of this,test pieces had to be 
deformed at 35°C in the environmental chamber using the E-type 
Tensometer. This caused the material to be more ductile in that 
deformation bands were formed at the notch. These tests were 
carried out on test pieces cut from sheets of different extension 
ratios, some of which were not stress whitened. Again the angle
9 was measured for different values of X and different extension
o
ratios. These results are reproduced in Figure 7.13 as plots of 
0 against extension ratio for different values of XQ . The most 
striking feature of these results is that, at low extension ratios 
for a given Xo, 0 was constant and less than 90°. However, there 
was a discontinuity in the value of e^and at large extension ratios 
it was again approximately constant, but in this case it was 
larger than 90°. This sudden rise in the value of 0 occurred in 
the vicinity of extension ratio 3.5, which corresponded to the 
extension ratio at which stress whitening started to develop. The
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constancy of 8 on either side of the discontinuity shows con­
clusively that the sudden change in behaviour arises from the 
effect of stress whitening in the material. 9 before and after 
the discontinuity is plotted as a function of in Figure 7.14.
It can be seen that 0 varied smoothly with but 6 for the 
stress whitened material did not reach such large values as 
those for Vybak in Figure 7.11.
Ductile fractures in Cobex which had not stress whitened 
are shown in the optical micrographs in Figure 7.15. These are 
for test pieces with Xq = 45°, extension ratio 2.5 and 3.0, for 
which 9 was less than 90°. In Figure 7.16 are shown ductile 
fractures in material which had stress whitened. For these test 
pieces 8 was larger than 90°. Because of the small depth of 
focus when using the optical microscope* the test piece in 
Figure 7.16(a) was studied using the scanning electron micro­
scope, and two micrographs are shown in Figure 7.17. The small 
tongue of material protruding from the fracture surface in 
Figure 7.17(a) corresponds to the feature indicated by the arrow 
in Figure 7.16(a). The micrograph in Figure 7.17(b) was obtained 
looking into the fracture tip, B. The arrows indicate two features 
on the fracture surface which match up. Because one fracture 
surface is in the necked region, one of these features is more 
elongated than the other. No detailed study of the fracture sur­
face has been carried out.
The observed deformation behaviour discussed in this section 
raises two important questions. Why does the value of 0 remain 
constant on either side of the discontinuity as the extension 
ratio is varied? Secondly, why does the presence of voids in
the stress whitened material cause the value of 6 to alter at the 
discontinuity? In fact the value of 0 seems particulary sensitive 
to the presence of voids since reference to Figure 7.13 shows that 
the region in which 0 varies, is between extension ratios 3.3 and 
4.0, but the corresponding change in density shown in Figure 2.21 
is less than 1%, indicating that the number of voids present was 
quite small.
The following theory is proposed to account for the observed 
variation of 0 for the stress whitened material, and for the dis­
continuity of 0 at the onset of stress whitening. The factors 
which affect 0 are the rate at which the two surfaces separate at 
the point B in Figure 7.10, the rate of propagation of the neck 
boundary, and the angle yj which the neck boundary makes with the 
tensile axis. The symbol Yi is used for this angle since the 
development of the neck arises from the movement apart of the 
boundaries of the type 1 band, and it is assumed that this boundary 
remains inclined at the same angle to the tensile axis during the 
subsequent deformation. Successive stages in the development of 
the ductile fracture are illustrated diagramatically in Figure 7.18. 
In a given interval of time the surface AB extends by length r, B 
moving to B', and at the same time the band boundary moves through 
distance D, the point C on the boundary moving to B*. The 
direction of AB is defined by 0' which is equal to 180-0. It is 
clear from Figure 7.18 that the distances r and D are geometrically 
related through the angles 0* and yx, and since the deformation 
occurs in the same interval of time, the rates of change of r and 
D are related in the same way. It is easily shown that
It is proposed that, for the stress whitened material, less energy 
is required to propagate the neck boundary than is required to pro­
duce new surface at the fracture. However, once the ductile
fracture is initiated, it must continue to propagate. If the 
band boundary moves beyond the fracture tip B s the deformation 
would tend to spread across the test piece, but, since the draw­
ing stress must remain constant, there would be a corresponding 
rise in load. This rise in load, however, would cause the 
fracture to propagate again, so that the tip of the ductile 
fracture remains at the band boundary. Since the ductile fracture, 
once it is initiated, must continue to propagate, it is proposed 
that it will do so such that the energy used in propagating the 
fracture is at a minimum. If it is considered that a certain 
amount of work is required to produce unit new surface at the 
fracture, then the condition of minimum energy corresponds to 
the minimum rate of propagation of the fracture. This ob­
viously corresponds to a minimum in the rate of growth of AB 
i.e. dr/dt is at a minimum. In equation (7.1) it is clear that 
dr/dt depends upon dD/dt, O', and y1. However, the rate of 
propagation of the neck boundary, dD/dt, is fixed by the extension 
rate and the natural draw ratio of the test piece, which depends 
upon the true stress-strain characteristics of the material. In 
addition yi is fixed by the anisotropy of the material as dis­
cussed in Chapter 4. Thus, in equation (7.1) only 0* can be 
varied in order to obtain a minimum in dr/dt, and therefore, 0s is 
fixed if the condition that dr/dt should be a minimum is cor­
rect . Under these conditions 0* will in fact depend upon the 
value of y x . In order to check this hypothesis, the angle yj 
was measured from the micrographs in Figures 7.7 and 7.9, and 
the value of 0*which gave a minimum in dr/dt was calculated.
The angle 9* was also measured from the micrographs in order to see 
if it agreed with the predicted value. These angles were measured 
using a protractor. In fact for the test piece in Figure 7.9(a) 
equation (7.1) predicted that 6* should be between 76.5° and 78°, 
and the measured value of 9* was found to be 77.5°. Similarly for 
the test piece in Figure 7.7, the predicted value of 0* was between 
56° and 58°, and the actual measured value was 57.5°. For the 
test piece in Figure 7.9(b), the value of yj could not be measured 
because the stress whitening caused the material to be opaque. 
However, this test piece was at Xq * 80°, extension ratio 3.9, 
and it was assumed that the value of yj would be the same as that 
for the corresponding deformation band. Reference to Figure 3.16 
suggests thatsfor this value of Xq and this extension ratio, yj 
should be approximately 65°. Calculation using this value of yj 
gave 0* to be between 23° and 25° which agrees favourably with the 
measured value, 20°. In view of the way in which the angles 
were measured, the agreement between theory and experiment is ex­
ceptionally good, confirming that ductile fracture proceeds such 
that minimum energy is used in propagating the fracture. This 
theory shows how the fracture direction is related to yj, and this 
accounts for the observed constancy of 0 at large extension ratios. 
Comparison of the results for deformation band directions given in 
Figure 3.16, shows that at extension ratios 3.3 and 3.7, the change 
in extension ratio did not produce any significant change in yj. 
Thus for large extension ratios, yj does not change, and so 0 can 
be expected to remain constant, as observed.
As far as the material of small extension ratios is con­
cerned the angle 0 cannot be accounted for using this model. 
However, in this case it is proposed that the energy required 
to propagate the ductile fracture is less than that for the
propagation of the neck boundary. Thus, the ductile fracture
will propagate such that the minimum amount of energy is used 
in propagating the band boundary. This would be satisfied if 
the band did not move, and thus AB would be parallel to the band 
boundary and 0 * y^. However, under these circumstances, the 
fracture produces no extension of the test piece, and thus, 
since the test piece is being extended by the tensile machine 
whilst the fracture is propagating, the fracture would have to 
occur very rapidly. If, however, it is proposed that the duct­
ile fracture can propagate at only a finite and comparatively 
slow rate, then the neck boundary must propagate in order to 
accommodate the extension of the test piece. This would cause 
0 to be larger than yj, but not as large as the values for the 
stress whitened material. Without further investigation it 
is not clear how this model would give rise to the observed con­
stancy of 0 for the non-stress whitened material. However, 
the observed discontinuity in 0 can be accounted for by the 
presence of stress whitening altering the relative ease with which 
ductile fracture and the neck boundary can propagate. In 
particular, the presence of stress whitening in the material 
favours the propagation of the band boundary rather than the 
ductile fracture, i.e. the stress whitening increases the ductility 
of the material. This would be consistent with the observation 
mentioned in an earlier section that, for test pieces deformed at 
Xq = 90°, the presence of stress whitening tended to make the 
material more ductile.
Although this type of ductile fracture behaviour has not 
been previously reported in polymers, a similar type of be­
haviour has been observed in metals. Govila and Hull (1968)
deformed silicon iron single crystals in tension at 293°K and 
observed that two non-crystallographic localised shear bands, 
which were equally inclined on opposite sides of the tensile 
axis, were formed. A notch was formed at the point where these 
two bands intersected at the edge of the specimen. This notch 
propagated across the specimen before fracture occurred at the 
root of the notch. Although the above authors did not discuss 
this mode of deformation in any detail, Figure 5 of the above 
reference and Figure 17 given by Rogers (1968) suggest that the 
propagation of the notch was similar to the ductile fracture dis­
cussed in this section. It was thought that the propagation of 
the ductile fracture by the movement of two neck boundaries 
equally inclined on opposite sides of the tensile axis would have 
occurred in unoriented polyvinyl chloride. However, this was 
not observed since notched test pieces, which were cut from un- 
oriented polyvinyl chloride, fractured suddenly at the notch.
In oriented polymers, it was because only type 1 bands formed a 
running neck that the tip of the fracture B, propagated obliquely 
across the test piece.
7.3 Concluding Remarks
It has been shorn in this Chapter that the development of 
stress whitening, i.e. the presence of voids, in the material 
caused a definite change in the ductile fracture behaviour. The 
observed transition from yield to fracture with increasing ex­
tension ratio for test pieces with Xq * 0°, although associated 
with the development of stress whitening, was not believed to be 
caused directly by the stress whitening. Instead, it is thought 
that both the stress whitening at elevated temperatures and the 
yield-fracture transition at room temperatures, arise from the
fact that a stage is reached at which further extension of the 
material cannot be achieved without considerable breaking of 
molecular chains. At room temperature this results in the 
fracture of the test piece, but because of the increased mole­
cular mobility, the material can continue extending at elevated 
temperature, resulting in the development of stress whitening.
The observed decrease in fracture stress with increasing extension 
ratio may arise from the fact that considerable molecular breakage 
at elevated temperatures results in a weakening of the material 
at room temperature.
The direction of the fracture edge in the stress whitened 
material has been related to the angle, yj, which the neck 
boundary makes with the tensile axis, through a theory which 
proposes that the minimum amount of energy is used in producing 
new surface at the fracture tip. The discontinuity in the 
fracture edge direction has been accounted for by proposing that 
the stress whitening, i.e. the presence of voids, increases the 
ductility of the material, this being consistent with results 
quoted in Chapter 3 for Xq * 90 . Any increase in ductility at 
Xq - 0° would not be effective in preventing fracture since 
further extension could not be achieved without breakage of mole­
cular chains.
In the future it would be interesting to determine whether 
the development of stress whitening is associated with a de­
crease in molecular weight. Also, further investigation is re­
quired to see if stress whitening is associated with an increase 
in ductility of the material. If this is the case, how is the 
increase in ductility brought about? This would involve 
evaluating in more detail the characteristics of the voids which 
produce the stress whitening.
Figure 7. Optical micrograph of a test piece at X^ «* 90°, 
extension ratio 3.0 showing fracture edge and 
associated region of plastic deformation.
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Figure 7.3 Plots of yield stress and fracture stress vs.
ektens'ion■■ratio for Cobex prepared by extension atV
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Figure 7.4 Optical micrographs of test pieces, cut from sheets 
of Cobex of extension ratios (a) 3.7 and (b) 4.4 
at A^ - 0°, showing fracture when tested at 20°C.
a bx 2 6
Figure 7.5 Optical micrographs of test pieces, cut from sheets 
of Cobex of extension ratios (a) 2.6 and (b) 4.0 
at A^ = 0°, showing fracture when tested at -82°C.
Figure 7.6
Figure 7.7 Optical micrograph showing ductile fracture in a 
test piece with = 49.5 s cut from a sheet of
Vybak of extension ratio 3.70
Figure 7.8 Optical micrograph showing successive stages in
the development of ductile fracture in a test piece
with X * 45° cut from a sheet of Vybak of extension o
ratio 3.9.
Figure 7 .9 Optical micrographs showing ductile fracture in stress
whitened Vybak. The test pieces were cut from sheets
of extension ratio 3.7 and 3.9 at (a)  ^ = 20° and.o
(t>) = 8 0  , respectively.
Figure 7.10 Diagram illustrating the ductile fracture in stress 
whitened material and showing the sense in which 6 
and were taken positive.
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Figure 7.11 Variation of 0 with Xq for ductile fracture in '
stress whitened Vybak of different extension ratios.
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Figure 7.12 Optical micrographs showing successive stages of 
ductile fracture in non-stress whitened Vybak of 
extension ratio 3.0S with = 52 .
Figure 7*13 • Plots of 0 vs. extension ratio for ductile fractiire 
■’ in Cobex at different values of X . ' • , 1 .
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f .t';;ure /,.8.3 optical micrographs of test pieces cut from Cobex
with (a) X - 45'5 extension ratio 3.0 and (b)
55 o °XQ “ 4® , extension ratio 2.5S showing ductile 
fracture such that 9 < 90°.
ba
Figure 7.16 Optical micrographs of test pieces cut from Cobex 
with (a) Xq - 35°, extension ratio 4.4 and (b)
Xq * 35°j extension ratio 4.4 9 showing ductile 
fracture with 9 > 90°.
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Figure 7.17 Scanning electron micrographs of the test piece
shown in Figure 7.16(a).
b x I 5 O
Figure 7.. Diagram illustrating successive stages in the de­
velopment of the ductile fracture.
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CHAPTER 8
Some Observations on the Plastic Deformation of Oriented
Polyethylene
Some experiments were carried out on oriented polyethylene before 
those on oriented polyvinyl chloride in order to gain familiarity with 
the techniques and problems involved in the testing. Some interest­
ing results were obtained, and, although they have not been investiga­
ted in great detail, they are considered to be of sufficient interest 
to be presented in this Chapter.
Previous investigations into the plastic deformation behaviour 
of oriented polyethylene have been carried out by Richard and Gaube 
(1956), Kurokawa and Ban (1964), Seto and Tajima (1966) and Keller 
and Rider (1966).
8.1 Experimental
Tensile tests were carried out at room temperature on test pieces
of gauge length 10 mm and width 2.4 mm at an extension rate of
10 mm min strain rate 1.0 min 1, The test pieces were cut from 
strips of oriented polyethylene at various values of XQ . These 
strips, which had been drawn at room temperature, were Rigidex 50, 
with extension ratio 10, Rigidex 2, with extension ratio 7.5, and 
Alkathene WNF15, with extension ratio 3.5. In addition, a few 
tests were carried out on Rigidex 2, with extension ratio 7.0, which 
had been annealed at various temperatures for 5 min in a silicone
011 bath. The annealing temperatures were 60°C, 80°C, 100°C, and 
120°C. No measurements were made of the changes in the dimensions 
of the material as a result of annealing. Birefringence measure­
ments were not carried out on the polyethylene.
8.2.1 Yield Stress
The nominal yield stress was evaluated, as for oriented poly­
vinyl chloride, from the load at the yield point and the cross- 
sectional area of the test piece measured prior to deformation.
The yield point was taken as the maximum on the load-extension 
curve after the initial load rise. Plots of nominal yield stress 
against Xq for Rigidex 2 and Rigidex 50, which had been drawn 
to extension ratios 10 and 7.5 respectively, are shown in 
Figure 8.1. It can be seen that the results are similar to those 
obtained by Keller and Rider (1966) for drawn polyethylene, both 
as regards the magnitudes of the yield stress and the position 
of the minimum yield stress, i.e. at XQ * 55°. The results for 
the annealed polyethylene are also presented in Figure 8.1. It 
can be seen that the effect of annealing was to increase the yield 
stress, the yield stress for the material annealed at 120°C being 
more than a factor of two greater than that for the unannealed 
material. For the Alkathene WNF 15 the yield stresses were lower 
than those for the high density polyethylene, and the minimum 
yield stress was at Xq = 70° (see Figure 8.2). These results will 
be discussed further in Section 8.3.
8.2.2 Deformation Bands
In the following discussion type 1 and type 2 bands are as 
defined for oriented polyvinyl chloride. In their investigation 
Keller and Rider (1966) did not observe type 1 deformation bands 
in drawn polyethylene tested at room temperature. However, in 
the material used in this investigation type 1 bands were observed 
for values of Xq less than approximately 70°. These bands appeared 
to be regions of highly localised shear in which the originally
slightly opaque material had become less opaque. Such a de­
formation band is shown in an advanced state of development in 
Figure 8.3(a), Optical measurement of the bands indicated that 
the c-axis direction (taken as the extinction direction) inside 
the band was parallel to the band boundary, but the band boundary 
was not parallei to the c-axis direction in the adjacent un­
deformed regions. Instead,,the angle yi was less than A (as a 
result of the deformation Aq had decreased slightly and is, 
therefore, referred to as A) and the two angles differed by 4° 
or less.At values of Aq below 30°, the phenomenon, which 
Kurokawa and Ban (1964) referred to as slip off, was observed.
In this the test piece appeared to rupture by localised slip 
on one plane in the test piece at the boundary of the band.
Such a test piece is shown in Figure 8.3(a). The planes on 
which slip off occurred are indicated by the arrows in this 
figure. This plane was not parallel to the c-axis inside or 
outside the band; the angle between the slip off plane and the 
c-axis direction outside the band could be as large as 11°. For 
values of XQ between 30° and 70° the initially localised shear 
spread throughout the test piece by the formation of an asymmetrical 
neck, as shown in Figure 8.3(b). This behaviour was referred 
to as draw off by Kurokawa and Ban (1964). Thus, the type 1 
bands in drawn Rigidex 50 and Rigidex 2 behaved in a manner 
similar to those observed by Kurokawa and Ban (1964).
Seto and Tajima (1966) have also observed type 1 bands 
in oriented polyethylene deformed in tension, but they reported 
that the c-axes inside and outside the band were equally inclined 
on opposite sides of the band boundary. This certainly was not 
the case for the deformation bands discussed above. In order
to investigate this further, an investigation into the c-axis 
directions, using the X-ray diffraction technique discussed in 
Section 2.1.4, was carried out on deformation bands in drawn 
and annealed, and drawn rolled and annealed polyethylene for 
which Keller and Rider (1966) presented band direction results. 
Typical photographs are shown in Figure 8.4. It can be seen 
that there is a split in the(110)reflection, the two adjacent 
arcs arising from the deformed and undeformed material inside 
and outside the band. By measuring the angular splitting of the 
arcs, and their position relative to the shadow of the reference 
wire, it was possible to evaluate the directions of the c-axes 
relative to the band boundary. It was in fact found that the 
c-axis was equally inclined on opposite sides of the band boundary. 
Typical values obtained for the angle between the boundary and the 
c-axis were 8° (Figure 8.4(a), 7°, (Figure 8.4(b), 6° and 4.5°. 
These results indicate that there are in fact two different kinds 
of type 1 bands which can form in oriented polyethylene. The 
type formed in drawn polyethylene appear to form by shear parallel 
to the c-axis direction and might correctly be referred to as slip 
bands. Those observed in drawn and annealed polyethylene appear 
to involve the kinking of molecular chains (see Figure 10(c) of 
Seto and Tajima (1966)) and might correctly be referred to as kink 
bands.
In order to investigate this further, tests were carried t 
on drawn polyethylene annealed at different temperatures. The 
annealing temperatures were 60°C, 80°C, 100°C and 120°C. Yield 
stress results for these test pieces have been presented in 
Figure 8.1. Deformation bands were formed in all test pieces 
except those cut from the unannealed material, and the angle 
(A - Yj) was measured. (A - yj) is plotted as a function of
A in Figure 8.5. It can be seen that results for material annealed 
at 60°C and 80°C were the same, and so also were the results for 
material annealed at 100°C and 120°C. However, in going from 
80°C to 100°C there has been a sudden increase in (A - yj) . In 
those deformation bands formed in material annealed at 60°C and 
80°C, the c-axis was parallel to the band boundary suggesting 
that these are in fact type 1 slip bands. Those observed in 
material annealed at 100°C and 120°C were thought to be the same 
as those observed by Keller and Rider (1966)s suggesting that 
these are type 1 kink bands. Optical micrographs of deformation 
bands in material annealed at 80°C and 120°C are shown in Figure 
8.6.
At values of Aq above 70°, type 2 bands were observed to 
be formed in the drawn polyethylene. In Rigidex 50 the band 
was similar to that shown in Figure 10 of Keller and Rider (1966) .
In this case the deformation spread along the test piece by the 
movement apart of the boundaries of the type 2 band. As soon 
as these boundaries reached the shoulders of the test piece, a 
type 1 band developed within the deformed region and formed an 
asymmetrical neck. (At values of Aq near 90° the test pieces 
fractured before a type 2 deformation band formed.) In Rigidex 2, 
the type 2 bands did not develop in the manner discussed above. 
Typical stages in the development of the type 2 bands in Ri; ■ 3,x 2 
are shown in Figure 8.7. These micrographs are not of the 
test piece but for test pieces having different values of A , as 
indicated in the figure caption. It can be seen that although 
a type 2 band did form initially, it did not spread along the 
test piece. Instead further bands formed in the same region 
and the test piece necked down (Figure 8.7(a), (b) and (c)).
In some cases the test pieces then fractured but for others, the 
neck propagated along the gauge length. A feature, which Rider 
(private communication) has previously observed and referred to 
as a fish tail, also developed ahead of the neck (Figure 8.7(d)). 
This feature has also been observed previously by Richard and 
Gaube (195 5) (see their Figure 11).
In the low density polyethylene, type 1 bands were formed
at values of X below 70°. However, because the extinction o ’
direction was not well defined and because the band boundaries 
were not sharp, these could not be investigated in any detail.
It was noted that the bands were regions of localised shear 
which propagated along the test piece by the formation of an 
asymmetrical neck. At values of Xq above 70°, type 2 bands were 
formed and these propagated along the test piece by the movement 
of their boundaries. When there was sufficient re-oriented 
material between the boundaries, a type 1 band was formed. This 
developed into an asymmetrical neck but this necked region was 
always bounded by the boundaries of the type 2 band i.e. the 
type 2 band boundary moved ahead of the neck boundary, and both 
moved at the same rate.
8.3 Discussion
The results presented in the previous sections raised a mber 
of questions which, because insufficient time was available could 
not be investigated further.
Comparison of the yield stress against X curves for polyvinyl 
chloride, low density polyethylene, and high density polyethylene 
suggests that the value of Xq at which the minimum yield stress 
occurs moves from 90° to 55° as the crystallinity of the material
increases. The degree of molecular alignment might be another 
factor which influences the yield stress behaviour. The high 
density polyethylene had better molecular alignment than the 
other two materials, but it is not known how the molecular align­
ment of the low density polyethylene compared with that of the 
polyvinyl chloride. A crystalline material with perfect mole­
cular alignment might be expected to behave like a single crystal. 
The minimum yield stress would then occur at Aq * 45°.
It would be worth investigating further whether two dif­
ference kinds of type 1 bands are formed in oriented polyethylene, 
and if so, by what mechani sm. It might be that increasing the 
annealing temperature caused slip parallel to the c-axis to be­
come progressively more difficult (this is indicated by the in­
crease in yield stress) until a stage was reached at which some 
other deformation mechanism, i.e. kinking of molecular chains, 
occurred more readily than slip, thus causing a transition from 
type 1 slip bands to type 2 kink bands. It would also be in­
teresting to see how the Hill theory (see Chapter 4) could be 
fitted to these results. The sudden change in the band direct­
ions would presumably result in a change in either the Hill theory 
parameters, or a An investigation of the structural changes
XX
which bring about this change would also be of interest.
Other investigations might be carried out on the different 
modes of development of type 2 bands for the different materials 
referred to in this thesis, and on the phenomenon of slip off 
in oriented high density polyethylene.
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Figure 8.1 Plots of nominal yield stress vs. for drawn, and
F- drawn and annealed Rigidex (8.1), and for drawn
Alkathene (8.2).
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Figure 8.3 Optical micrographs showing (a) slip-off and (b) 
assymetrical necking for type 1 bands.
Figure 8.4 Wide angle X-ray diffraction photographs from type 
1 bands in drawn, rolled, and annealed high density 
polyethylene. The photographs show reflections 
arising from deformed and undeformed regions.
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Figure 8.5 Plot of (X - Yl) vs. X for drawn Rigidex 2 annealed 
at different temperatures.
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Figure 8.6 Optical^ micrographs showing-type'' 1 deformation bands « 
in drawn Rigidex 2 annealed at (a) 80°C and (b) 100°C.
Optical micrographs showing stages 
aent of *W« 2 bands in Rigidex 2.
CHAPTER 9
Summary and Suggestions for Further Work
The more important results which have been presented in this 
thesis can be summarised as follows?
1. At yield, the plastic deformation of oriented polyvinyl 
chloride was localised into deformation bands which were 
inclined at an angle, y, to the tensile axis. Two kinds 
of deformation bands were observed. Type 2 bands formed 
first at the maximum on the load-extension curve, but type 1 
bands formed subsequently and developed into runriing necks. 
The effect of increasing molecular alignment was to cause
an increase in anisotropy of the values of y^ and y ,
2. Both the nominal yield and drawing stresses showed increasing
anisotropy with increasing molecular alignment, having maxi-
« o o *mum and minimum values at Aq *= 0 and 90 respectively.
However, both the true drawing stress and the tensile strain
at yield showed little variation.
3. The yielding behaviour, both as regards yield stress and 
deformation band directions, has been accounted for by the 
Hill modification of the von Mises yield criterion, pro­
vided an internal stress acting in compression in the mole­
cular alignment direction was taken into account. The in­
ternal stress was uniquely related to the birefringence, and 
was also equal to the true stress applied to the material 
during hot stretching.
4. As a result of deformation at different temperatures, optical 
anisotropy changes occurred in both initially unoriented and
initially oriented polyvinyl chloride. The birefringence 
changes for the unoriented material deformed at room tempera­
ture were fitted by the Kuhn and Grun first affine deforma­
tion model. As the extension temperature increased, the 
discrepancy between the results predicted by this model and 
the experimental results also increased. Fitting the model 
to the experimental results for unoriented polyvinyl chloride 
deformed at room temperature, led to the prediction that the
maximum birefringence which can be achieved in polyvinyl
-3chloride should be 7,2 x 10 . The model accounted
qualitatively for the optical anisotropy changes during 
deformation, at room temperature and 50°C, of oriented poly­
vinyl chloride which had been initially oriented by ex­
tension at 71°C and 90°C, The best quantitative agreement 
was achieved if the molecular alignment in the oriented 
material was described by the Kuhn and Grun type 1 distribu­
tion function. Finally, the birefringence changes during 
the extension of unoriented polyvinyl chloride at tempera­
tures both above and below Tg could be fitted by an equation 
suggested by Bowden and Raha.
Stress whitening, which developed during extension at elevated 
temperatures and which was thought to arise from the formation 
of voids in the material, was found to be associated with 
changes in the room temperature deformation behaviour of the 
material. For test pieces at = 0° there was a yield- 
fracture transition and a subsequent decrease in fracture 
stress with increasing extension ratio. It has been sug­
gested that the stress whitening and the yield-fracture 
transition arise because a stage is reached at which further
extension cannot be achieved without breaking molecular 
chains. At Aq = 90°, the development of stress whitening 
is associated with an increase in ductility. An increase 
in ductility has also been used to account for the observed 
discontinuity in the ductile fracture behaviour. The 
ductile fracture direction has been related to the direction 
of the neck boundary through a theory which proposes that 
the minimum amount of energy is used in propagating the 
fracture.
6. Type 1 slip bands and type 1 kink bands have been observed
in oriented high density polyethylene. The effect of 
annealing high density polyethylene was to cause an increase 
in yield stress, and at a particular annealing temperature, 
there was a transition from type 1 slip bands to type 1 kink 
bands. Results for high density and low density polyethylene
suggest that crystallinity might affect the position of the 
minimum yield stress.
The following suggestions are made for possible future lines
of investigation?
1. It is important to determine whether unoriented polymers
yield according to a Coulomb criterion or pressure dependent
von Mises criterion. If they yield according to the latter, 
the form of the pressure dependence should be evaluated and 
the directions of deformation bands formed in tension and 
compression should be accounted for. It would also be 
interesting to measure possible plastic volume changes.
2. If the Coulomb criterion is found to be the more appropriate, 
it should be applied to oriented polymers, as discussed in 
Chapter 4.
In extending the von Mises criterion to oriented polymers, 
use should be made of either the Hill theory modification 
or the critical strain criterion, A test of the critical 
strain criterion would be to measure strains at yield; 
this test is considered more direct than that suggested at 
the end of Chapter 4 and is not complicated by non linear 
elastic effects.
It seems likely that all of the above criteria will require 
the inclusion of an internal stress effect. It would be 
worthwhile investigating what factors, e.g. crystallinity, 
influence the magnitude of the internal stress. The ob­
served equality of the internal stress and the true stress 
during hot stretching should be investigated further in 
order to determine whether this agreement was fortuitous.
It would be interesting to see if the optical anisotropy 
changes of polyvinyl chloride deformed in a two stage pro­
cess at room temperature can'be accounted for by the Kuhn 
and Grun affine deformation model.
Further investigation should be carried out into the nature 
of the voids in stress whitened polyvinyl chloride and into 
the factors which cause them. It would be interesting to 
determine, by making molecular weight measurements or by 
using more sophisticated spectroscopic techniques, whether 
this is associated with the breaking of molecular chains.
It would be worthwhile investigating further the observed 
increase in ductility associated with stress whitening.
As far as oriented polyethylene is concerned, a thorough 
investigation is required into the various deformation
bands and their associated mode of deformation. It would 
be particularly interesting to determine what factors in­
fluence the formation of type 1 kink bands and type 1 slip 
bands.
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